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Abstract 
 Perovskite oxynitrides are new and promising classes of electrical materials 
because of their unique properties including high dielectric constant and colossal 
magnetoresistance. However, they have difficulty in preparing dense specimens with the 
conventional synthesis method, which has prevented reliable evaluation of the electrical 
properties and progress of researches on the material group. To tackle this issue, I 
fabricated single crystalline perovskite oxynitride specimens suitable for electrical 
measurements using an epitaxial thin film growth technique. Electrical properties of the 
obtained thin films as influenced by arrangement of nitrogen were investigated.  
 I adopted nitrogen plasma assisted pulsed laser deposition (NPA-PLD) for the 
thin film growth of SrTaO2N, a representative of perovskite oxynitrides, on SrTiO3 
(STO) substrates. I obtained stoichiometric single crystalline thin films with high 
crystallinity through optimization on the film growth conditions. Furthermore, I 
successfully synthesized another perovskite oxynitride, CaTaO2N, by changing the 
starting material and by slightly modifying the film growth conditions, which indicated 
versatility of NPA-PLD as a technique to synthesize single crystalline oxynitrides with a 
wide range of cation combination. Impedance measurements revealed high insulating 
natures of the obtained thin films, which assures that their quality was high enough to 
conduct reliable electrical measurements.  
 Using piezoresponse force microscope (PFM), I investigated ferroelectricity of 
the SrTaO2N epitaxial thin film, which was highly strained by STO substrate with 
smaller lattice constants. Precise PFM measurements revealed small domains (101–102 
iv 
 
nm) exhibiting classical ferroelectricity, which has not been observed in perovskite 
oxynitrides so far. The surrounding matrix region exhibited relaxor ferroelectric-like 
behavior, with remanent polarization invoked by domain poling. First-principles 
calculations suggested that the small domains had trans-type structure which was 
stabilized by tetragonal distortion caused by epitaxial stress, while the surrounding 
region is plausibly composed of thermodynamically stable cis-type anion arrangements.  
 Next, I performed structural characterizations of anion distribution in a series 
of Ca1−xSrxTaO2N epitaxial thin films in which epitaxial strain was systematically 
controlled by changing the composition parameter x and the kind of substrate. The films 
grew coherently in the range of 0 ≤ x ≤ 0.5 on STO substrate and the highest tetragonal 
distortion (c/a = 1.05) was achieved at x = 0.5. From polarized X-ray absorption 
measurements of the x = 0.5 film, I clearly observed linear dichroism, indicating the 
difference in site occupancy of nitrogen and oxygen between axial and equatorial sites. 
Meanwhile, in the SrTaO2N epitaxial thin film with x = 1, whose tetragonal distortion 
was small due to lattice relaxation, almost no linear dichroism signal was detected. 
Electron energy loss spectroscopy combined with transmission electron microscope was 
conducted on the x = 0.5 film with the highest tetragonal distortion and revealed higher 
occupation of nitrogen at the axial site than the equatorial one. 
 As another topic, I investigated electrical transport properties of SrNbO3−xNx 
epitaxial thin films, in which the nitrogen content x was systematically changed in order 
to observe the effect of nitrogen introduction on the filling state of the conduction band 
composed mainly of 4d orbital of Nb. With increasing x, resistivity monotonically 
increased and the “metallic” transport properties was gradually converted to 
“semiconducting” ones. Light absorption in near infrared and visible region was also 
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systematically varied. The change of absorption spectrum in visible light region is 
understandable by assuming a crossover from intraband transition in the Nb 4d orbital 
to interband one between the valence and conduction bands. These results indicate that 
anion substitution is also effective to modify the band structure similarly to the cases of 
widely studied cation substitution. In addition, I found anomalously large positive 
magnetoresistance in the SrNbO3−xNx films at low temperature despite their 
paramagnetic or non-magnetic characteristics. The magnetoresistance was positively 
dependent on nitrogen content x and SrNbO2N showed a value as high as 50% at 2 K 
under 9 T, where strong localization of wave function associated with nitrogen 
introduction might play a significant role. 
 In conclusion, I succeeded in strain and chemical engineering in perovskite 
oxynitride epitaxial thin films. The researches on SrTaO2N and Ca1−xSrxTaO2N films 
revealed that it is possible to control anion arrangement artificially by applying external 
stress and to develop new functionality like ferroelectricity. At the same time, nitrogen 
introduction is useful to tune the electronic states of transition metal compounds as 
demonstrated in the study on SrNbO3−xNx. These results indicate that the thin-film based 
approach is effective to elucidate how nitrogen anions cause unique electrical properties 
and to seek for new functionality in oxynitride materials, leading to expectation for 
future electronics based on them. 
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Chapter 1 
General introduction 
1.1 Backgrounds 
 Perovskite oxide is a material group with a composition of ABO3 and its basic 
structure is shown in Figure 1. In this half century, the material group has been 
extensively studied to develop new functionalities because of its wide range of physical 
properties arising from the flexibility in chemical composition and crystal structure [1]. 
Figure 1. Formula unit of perovskite oxide ABO3. 
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One of the successful ways to modify the properties is chemical substitution of 
component elements at A and/or B cation sites. For example, Pb(Zr,Ti)O3 is a practical 
ferroelectric material [2], (La,Sr)MnO3 exhibits ferromagnetism together with metallic 
electrical conductivity [3], (Li,La)TiO3 is a good candidate for Li ion conducting solid 
electrolytes [4] and Ba(Pb,Bi)O3 is a superconducting material with a relatively high 
transition temperature [5]. 
 In contrast to the varieties of cations to be introduced to A and B sites, anions 
that can occupy the oxygen site are very limited: Considering ionic sizes, O2−, H−, N3− 
and F− are the only single-element anions that can be substituted for oxide ions. If one 
introduces the other anionic species like halogens other than fluorine into oxides, they 
occupy independent sites and tend to change the crystal structure into layered ones.  
Furthermore, it has been difficult to prepare oxide-based mixed-anion systems 
until a few decades ago because oxides are usually the most stable phases in the air. 
That is, anion-substituted oxides are generally metastable and require precise control of 
their synthesis conditions. Recent progress in synthetic technique has radically changed 
the situation and provided an increasing number of studies on oxide-based mixed-anion 
systems. Anion substitution has sometimes provided unique functionalities which are 
difficult to achieve with cation substitution. For example, H− doping in perovskite 
BaTiO3, which was recently achieved via a topotactic synthesis, was found to trigger the 
insulator to metal transition, which had never been reported in cation substituted BaTiO3 
[6]. 
Perovskite oxynitride AB(O,N)3, which contains both oxygen and nitrogen in 
their anion sites, is a representative of anion-mixed perovskites and expected to be a 
group of next-generation functional materials. Especially, their optical properties are 
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gaining much attention because of their visible light activity, which is rarely seen in 
simple oxide materials [7, 8]. Indeed, perovskite oxynitrides has been widely accepted 
as promising visible light active photocatalysts despite the short history of the studies [9, 
10]. 
 Perovskite oxynitrides also have a potential as noble electrical materials 
because nitrogen introduction affects both crystal structure and electronic state of the 
mother compounds, which are generally fundamental factors that govern the intrinsic 
electrical properties of materials.  
 From a structural viewpoint, partial substitution on oxygen with nitrogen raises 
two possible formula unit structures. In case of ABO2N composition, nitrogen can 
arrange in cis- and trans-type manners as shown in Figure 2. In a macroscopic view, 
ordering and disordering of nitrogen ions govern the symmetry of crystal system and 
Figure 2. trans- and cis-type formula unit of perovskite oxynitride ABO2N. 
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band structure and hence determine the polarity.  
 Several influences on electronic state are also expected due to the differences in 
electronic characteristic between nitrogen and oxygen: 1) Nitride ion works as acceptor 
because it has larger negative formal charge than oxide ion by one. Thus, the valence 
state of the component cations can be controlled by changing nitrogen concentration. 2) 
The larger charge of nitride ions than oxide ions provides local dipole moment. 3) 
Nitrogen has larger covalency compared to oxygen and nitrogen-metal and 
oxygen-metal bonds behave differently. This affects bond lengths and causes distortion, 
rotation and/or tilting of crystalline lattice. 
 One attractive example of the unique electrical properties reported on 
perovskite oxynitrides is high dielectric constants of BaTaO2N and SrTaO2N [11]. Their 
dielectric constant values have been reported to be of the order of 103 despite they do 
not have net spontaneous polarization. Researchers have been discussing the origin of 
the unique dielectric properties of BaTaO2N and SrTaO2N taking both local bonding 
states [12] and anion arrangement [13] into consideration though full understanding has 
not been achieved. 
 Despite strong expectation for perovskite oxynitrides as new functional 
materials, only a limited number of studies have been conducted on their electrical 
properties so far. This is because the conventional synthesis method called ammonolysis 
includes several challenges: 1) The method is applicable only to powder form samples 
in order to complete the reaction between precursor oxide materials and reactant 
gaseous ammonia. The resulting oxynitride specimens contain too many grain 
boundaries and air gaps which tend to cause unexpected extrinsic influences on 
electrical measurement, although considerable efforts have been made to reduce the 
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defects and to improve the density of the oxynitride samples. 2) Because the reaction is 
kinetic, systematic tuning on anion arrangement and chemical composition is difficult, 
preventing us from understanding the influence of nitrogen introduction on the electrical 
properties of perovskite oxynitrides.  
1.2 Overall objective of this study 
 As mentioned in the previous section, it is difficult to conduct reliable electrical 
measurements on bulk perovskite oxynitride samples with the conventional techniques 
developed so far. In the history of materials science, researchers have faced similar 
challenges even in the field of pure oxides and other semiconductor materials.  
 Epitaxial growth of thin films is one of the highly established techniques to 
break through such situations. In the technique, it is possible to synthesize objective 
materials in single crystalline form, which is most suitable for electrical evaluation, with 
the aid of template of single crystals. In addition, epitaxial stress caused by lattice 
mismatch between film and substrate is sometimes useful to control the crystal structure 
of film materials. Anion arrangement in perovskite oxynitrides can also be affected by 
such external stress. Although several attempts for epitaxial growth of perovskite 
oxynitrides have been reported [14–18], the quality of the obtained films was much 
worse than those of oxide films. This is mainly because the technique to efficiently 
introduce nitrogen into thin films has not been established yet. 
 The purpose of this study is to understand the role of nitrogen ions in the 
electrical properties of perovskite oxynitrides and to develop new functionalities based 
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on the materials group using the technique of heteroepitaxy. I adopted nitrogen plasma 
assisted pulsed laser deposition (NPA-PLD) method to grow perovskite oxynitride thin 
films. Oxides were used as starting materials (targets) and nitrogen was introduced as 
reactant gas in the form of plasma, which has much higher reactivity than molecular N2. 
Growth conditions were optimized through the synthesis of model systems, SrTaO2N 
and CaTaO2N. The technique was further expanded to seek for the way to develop novel 
functionalities in oxynitrides. Firstly, ferroelectricity of SrTaO2N was investigated from 
the viewpoint of nitrogen arrangement in the TaO4N2 octahedral structure. Next, 
artificial control of anion arrangement was demonstrated in Ca1−xSrxTaO2N thin films 
based on the results of the above-mentioned study. As another topic, I examined the 
function of nitrogen ion as an electron acceptor due to its larger negative charge (−3) 
than oxygen ion (−2) and performed filling control of conduction band of SrNbO3−xNx 
by varying nitrogen content x in a systematic manner.  
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Chapter 2 
Perovskite Oxynitride 
2.1 Introduction 
 The history of study on perovskite oxynitrides is less than 30 years. Marchand 
et al reported the first synthesis of perovskite oxynitrides in 1986 [19]. In 1990s, 
cation-mixed perovskite oxides with special ordering of ions, so-called double 
perovskite oxides, began to be studied intensively because they were figured out to 
possess exclusive physical properties which are inaccessible with simple perovskite 
oxides [20]. Following them, some researchers started detailed investigations on 
synthesis method, crystal structure and optical and electrical properties of perovskite 
oxynitrides around 2000. By far, many kinds of perovskite oxynitrides with various A 
and B cations have been synthesized and examined. Tables 1 and 2 summarize the past 
researches from the viewpoint of synthesis method, specimen forms and physical 
properties. In this chapter, more detailed information than the tables will be reviewed to 
help our perspective understanding of the current situation of the studies on perovskite 
oxynitrides and to clarify concrete issues to be solved. In the end, I will mention the 
strategy of this study.  
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  Table 1. Perovskite oxynitrides synthesized in bulk form 
9 
 
  Table 1. Perovskite oxynitrides synthesized in bulk form (continued). 
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  Table 1. Perovskite oxynitrides synthesized in bulk form (continued). 
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  Table 2. Perovskite oxynitrides synthesized in thin film form. 
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2.2 Synthesis 
 In the past researches on perovskite oxynitrides, the specimens have been 
prepared mainly in two kinds of forms: bulk powders and films. Bulk samples are 
appropriate for structural investigations because neutron diffraction technique is 
applicable to them. On the other hand, films have some merits such as capability of 
electrical property measurements. This section will review the techniques and issues 
concerning sample preparation within the category of bulk and film form. 
2.2.1 Bulk synthesis 
 The perovskite oxynitride specimens prepared so far are mostly in bulk powder 
form. As for the preparation of the powders, the method called ammonolysis has been 
generally used [9,67]. In the method, nitrogen atoms replace the oxygen ones in the 
precursor oxides under NH3 gas flow at high temperature around 1000 ˚C. 
 While ammonolysis has allowed successful syntheses of considerable kinds of 
perovskite oxynitrides, it always requires careful control of reaction conditions to obtain 
homogeneous and phase-pure specimens. Followings are the general challenges 
recognized in the synthesis of perovskite oxynitrides: 1) Oxynitrides are typically less 
stable than oxides composed of the same cation species, especially in the air ambient, 
and hard to form; 2) There are mainly two rate-limiting steps in ammonolysis. One is 
the exchange process of atoms between solids and gaseous atmosphere. The other is the 
diffusion of nitrogen atoms in the solid phases as widely seen in solid state reactions. 
Through a great number of synthetic works, key factors determining whether perovskite 
oxynitrides are successfully form under a certain reaction condition have been revealed 
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as follows:  
 
a) Stabilization of nitriding process [68] 
The first challenge can be depicted by the following reaction equation in 
the case of composition of ABO2N:  12 𝐴2𝐵2O7 + 12 N2  → 𝐴𝐵O2N (2.1)   ∆𝐺0  > 0 (2.2)  
∆𝐺0 is the Gibbs free energy of the reaction. In order to set the reaction forward 
from left to right, stabilization of the whole reaction system with side reactions is 
necessary. In this viewpoint, NH3 is one of the most suitable nitriding agents 
because it forms thermodynamically stable H2O at the same time as the provision 
of nitrogen. This can be described by the following equations:  12 𝐴2𝐵2O7 + NH3  → 𝐴𝐵O2N + 32 H2O (2.3)   ∆𝐺𝑓 = ∆𝐺0 + 32 ∆𝐺H2O − ∆𝐺NH3 (2.4)  
∆𝐺𝑓  is the Gibbs free energy of the reaction, and ∆𝐺H2O and ∆𝐺NH3 are the 
Gibbs formation energy of H2O and NH3, respectively. If the value of ∆𝐺𝑓  is 
negative, the oxynitride ABO2N may be generated. This stabilization of the 
reaction explains why ammonolysis is preferable to synthesize perovskite 
oxynitrides. Contrastively to the reactivity of NH3, mixture of N2 and H2 is 
reported to be not effective to promote nitriding reactions because of the too strong 
triple bond in a nitrogen molecule. 
Another candidate for efficient nitriding agents is microwave induced 
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plasma (MIP) including nitrogen. Ebbinghaus et al. demonstrated synthesis of 
perovskite oxynitrides with MIP of ammonia [9]. Advantage of this synthesis 
method is substantial shortening of reaction time. It took 2 hours to complete the 
nitriding reaction with MIP plasma while 1 day reaction is necessary in usual 
ammonolysis in the case of LaTiO2N.  
b) Synthesis condition 
Needless to say, control of synthesis conditions is crucial in chemical 
reactions including ammonolysis. From the viewpoint of set-up of the reaction, 
rotating tube furnace has been revealed to be convenient to enhance the exchange 
rate of atoms between solids and gas [9]. Rotation of the reaction system is 
effective to obtain homogenous products, as well. 
Artificially variable parameters in ammonolysis are temperature, NH3 
flow-rate and reaction time. Though high temperature around 1000 ˚C is required 
to promote the diffusion of nitrogen in solids, NH3 decomposes into unreactive N2 
and H2 under such condition [9]. Construction of non-equilibrium condition by 
flowing NH3 gas is, thus, necessary to realize reaction between the solids and high 
temperature ammonia. Reaction time must be set at an appropriate value depending 
on the other conditions. If the time is too short, reaction cannot be completed, 
whereas too long reaction time sometimes results in the formation of nitride 
impurities. 
While ammonolysis is typically conducted around 1000 ˚C, higher 
temperature, 1500 ˚C, sometimes enables synthesis of perovskite oxynitrides not in 
NH3 but in N2 atmosphere [23]. In this case, the starting material is a mixture of 
alkaline metal oxide and transition metal oxynitride prepared with ammonolysis 
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beforehand. 
c) Electronegativity of cations 
Even if one completely tunes the conditions of ammonolysis synthesis of 
perovskite oxynitride, whether the reaction is successful ultimately depends on the 
kind of cation species in A and B sites. 
Elder et al. investigated thermodynamic data of oxides and nitrides and 
proposed an empirical law to predict the results of ammonolysis nitriding reactions 
[68]. Though this study aimed at examining the feasibility of synthesis of ternary 
nitrides from ternary oxides, the proposed law is useful also for judging the 
availability of oxynitride compounds through ammonolysis. 
One of the conclusions of the research is that the less electronegative the 
component cations are, the more likely nitrides and/or oxynitrides are to be formed. 
For example, perovskite oxynitrides including titanium in their B site are more 
easily synthesized than those including zirconium as reported by Clarke et al [39]. 
Besides electronegativity of ions, the valence state of cations is also 
crucial for procession of nitriding reaction. Because of the existence of a certain 
amount of H2 gas generated from ammonia under ammonolysis, the nitriding 
reaction usually progresses in a highly reductive condition. This makes it difficult 
to artificially control the valence state of cations, and the B-site cations are mostly 
limited to those possessing no d electrons (so called d0 ions) like Ta5+, Nb5+ and 
Ti4+. Recent improvement in synthetic technique, nevertheless, enabled synthesis 
of NdVO2N including vanadium ion with d1 state [58]. 
d) Precursor 
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The choice of precursors is a significant issue when we conduct nitriding 
reactions because they directly affect the energy difference between the left- and 
right-hand sides of the chemical reactions and the probability of atomic diffusion 
and determine the final products. Precursors for perovskite oxynitride ABO3−xNx 
can be categorized into mainly two types. One is stoichiometric mixture of two 
compound species including A and B cations, respectively. The other is a single 
compound composed of A and B cations and oxygen, which is so-called ternary 
oxide.  
In the case that formation of oxynitrides is started from two species, 
binary oxides (AOy and BOz) or carbonates (A(CO3)y) are available. These 
compounds are commercially available and easily accessed. Carbonates can have 
advantage to promote the nitriding reactions because they release CO2 as a reactant 
which can reduce the total formation energy of the reactions like in the case of H2O 
formation from NH3. 
A merit to use ternary oxides as precursors is reduction of diffusion steps 
of the cations during the nitriding reactions [68]. This can result in the reduction of 
processing temperature and sometimes makes it possible to obtain unstable 
oxynitrides which decompose at high temperature. Furthermore, reduction of 
diffusion steps of NH3 gas and/or nitrogen atoms is also expected in the precursors 
because most ternary oxides possess perovskite related crystal structure with 
excess oxygen layers where the nitrogen sources can pass with small friction 
energy [36]. This similarity in crystal structure between the precursors and 
resulting perovskite oxynitrides, in some cases, enables topotactical reaction of 
single crystals although the reaction tends to stop at the surface region with several 
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micrometers in thickness [31]. 
While ternary oxides created with conventional solid state reactions have 
crystalline form, soft chemistry processes can provide amorphous phase, which is 
another alternative of precursors [24,33–35,40,43,56]. Their unstable chemical 
bonds and uniform composition in atomic scale make diffusion of atoms faster and 
are helpful to prepare oxynitrides, even if the included cations have low 
electronegativity. Clarke et al., for instance, used an amorphous precursor to 
synthesize perovskite oxynitrides including Zr at B site which is hard to be formed 
from crystalized precursors [39]. Furthermore, perovskite oxynitrides created from 
amorphous are expected to be more suitable for photocatalysts compared to those 
created from crystal precursors, because they tend to show porous structure with 
high surface area which provides much higher opportunity of reactions between the 
solids and liquids (or gases) to be decomposed [9]. 
Not only precursors themselves but also additives are effective to control 
diffusion of atoms in solids. Chloride mineralizers such as NaCl, KCl, NH4Cl and 
CaCl2 are reported to be especially practical to reduce the temperature of the 
nitriding reactions [36,24,33,40,43,56,42]. This is because these chemicals work as 
flux and enhance the diffusion of both cations and anions, which move much faster 
in molten medium than in solids. It is, in addition, known that some sintering 
additives help high densification of oxynitride materials, which is helpful for 
electrical measurements [34]. 
 
 Though the synthesis methods of perovskite oxynitride specimens have been 
gradually improved, they still lack precise controllability on sample configuration. As 
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for structure of perovskite oxynitrides, it is known that the synthetic procedure affect 
anion arrangement, which will be reviewed in more detail later on. However, the key 
factor to change anion arrangement is unclear. Electrical measurements usually require 
highly dense specimens, but it is difficult to prepare sufficiently dense bulk samples of 
oxynitrides. Though the use of the additives improves the density of the samples to 
some degree, the problem still remains. 
2.2.2 Film synthesis 
 Thin films with nanometer to micrometer thickness have become a basis of 
modern technology due to the requirement of small size in electronic devices. They are 
useful even in the field of basic research because of a number of merits including 
down-sizing capability, high density, easiness of shaping, etc. Especially, epitaxial 
growth technique is very attractive for both basic research and applications because 
single crystalline films with a certain orientation matching to substrate can be obtained. 
The structural stabilization by stress from substrate in epitaxy is effective for synthesis 
of metastable phases and accurate measurement of physical properties, where 
crystallographic planes are well defined and thus the mechanisms of observed 
phenomena can be discussed in detail.  
 Thin films of perovskite oxynitrides have been studied since around 2005 
though the number of the reports is still very small. While the motivation of these 
studies is mainly to measure the physical properties of perovskite oxynitrides, they had 
to develop techniques to grow oxynitride thin films because oxynitride films cannot be 
formed at the similar condition as oxide ones.  
 Aguiar et al. reported two-step growth on thin films of perovskite oxynitride 
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(La,Sr)Ti(O,N)3 [14,60]. They firstly deposited thin films of precursor oxide 
(La,Sr)TiO3 using a solution process or pulsed laser deposition (PLD). The films were 
subsequently annealed in ammonia and nitrided. Formation of oxynitride films with 
perovskite structures was confirmed in various composition of the A site cations. 
However, the films had some problems in quality including crystal orientation, chemical 
composition and surface roughness. The measured resistivity of the films was not very 
reasonable and clearly needed improvement in quality. 
 French groups reported film growth of LaTiO2N with radio frequency 
magnetron sputtering [15,16,62–65]. One of the biggest advantages of sputtering is that 
nitrogen gas can be activated by plasma and they reported that the nitrogen content in 
the films can be controlled by changing the fraction of nitrogen in the ambient of Ar/N2. 
Under certain conditions, the films were grown epitaxially on single crystal substrates 
of SrTiO3 [15,63,65]. However sputtering technique generally has a problem that the 
films suffer from damages by highly activated atoms in the atmosphere. Indeed the 
measured tan δ values of the films in dielectric measurements were higher than 0.06, 
which indicates that large leakage current flows in the films during the measurements. 
 PLD is a widely used technique to grow films of oxides and semiconductors in 
basic research because of the easiness in preparing starting materials (targets), which 
allows researchers to change the film composition in a flexible manner and to obtain 
high quality films under a properly tuned condition. While oxygen gas is usually 
supplied for the growth of oxide films, some modifications on the process have been 
made for the synthesis of oxynitride films.  
 Kim et al. reported growth of BaTaO2N thin films with PLD [60]. They used 
BaTaO2N ceramics as a target and introduced mixed gas of N2 and O2 with the ratio of 
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20:1 during the film deposition. The films grew epitaxially on the (100) planes of MgO 
and SrRuO3 buffered SrTiO3 single crystalline substrates. The crystallinity of the films 
was much better than the films prepared with other techniques and allowed observation 
on lattice structure with transmission electron microscopy. However, the film contained 
structural defects which prevented reliable measurements for the high dielectric constant 
values as observed in the bulk specimens. 
 Lekshmi et al. reported preparation of SrMoO3−xNx epitaxial thin films on 
LaAlO3 single crystal substrates [17]. Nitrogen was introduced to the film up to x = 0.6 
from ammonia gas supplied during the film deposition even despite they used oxide, 
SrMoO3, as a target. This is probably because of high electro-negativity of Mo. 
 Marozau et al. reported synthesis of LaTiO3−xNx films with pulsed reactive 
crossed beam laser ablation (PRCLA), one of the modified PLD methods, using 
corresponding oxide targets [18]. In the method, gas pulses are supplied in the 
configuration that they cross the plume ablated from the targets by laser [69,70]. 
Because the gas pulses are synchronized with the laser pulse in this technique, even 
inert gas like nitrogen can react with the materials in plume. They tried both NH3 and 
N2 as reaction gas. Though NH3 showed higher reactivity, N2 was able to be 
incorporated in the films in some degree. The ability to cause reaction between oxide 
starting materials and nitrogen gas is very advantageous because it allows precise 
control of nitrogen content in the films by tuning variable parameters and excess 
reduction by H2 created by decomposition of NH3 can be avoided. In addition, cation 
composition can be flexibly changed in a wide range because oxide targets can be 
prepared using conventional solid state reaction in most cases. Growth of perovskite 
oxynitride epitaxial thin films with PRCLA still requires improvement because the films 
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contained some differently oriented crystals and the nitrogen content x did not reach to 1 
in the report. 
 Another way to activate inert gas is using a plasma source. The group who 
reported film growth by PRCLA also attempted synthesis of nitrogen doped SrTiO3 
films by nitrogen plasma assisted PLD (NPA-PLD) technique [71]. Though the nitrogen 
amount was less than 1 at% because of the limitation associated with charge neutrality, 
nitrogen was successfully introduced to the films from both N2 and NH3 plasma. 
 It is difficult to construct systematic outlook on the film growth of perovskite 
oxynitride under the current circumstance because there have been a limited number of 
reports. However, the issues to be solved can be summarized into two: 1) Difficulty in 
controlling composition and 2) poor crystallinitiy of the oxynitride films. Because 
nitrogen is easily released from samples as molecular nitrogen during film growth 
process, it is necessary to seek for ways to “confine” nitrogen in the films. In addition, 
we need to choose a proper technique and film growth condition to improve crystallinity 
especially in basic researches which focus on the detailed analysis of crystal structure 
and electrical properties. 
2.3 Crystal structure 
 Crystal structure is a foundation that governs electrical properties in crystalline 
systems because it determines the electronic structure in k space and ideal (intrinsic) 
physical properties. As for transition metal oxides, researchers have investigated and 
found close relationship between lattice structure, including bond distance between 
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metals and oxygen anions, bond angle in X-metal-X-metal-⋯ chain and total symmetry 
of crystal, and physical properties.  
 It is easy to understand that the presence of two different species at the same 
sites of crystal reduce the number of symmetric operations. Moreover, the two different 
ionic species have difference in bonding natures including ionic size and covalency so 
that the crystal structures of mixed ion compounds like oxynitrides are sometimes very 
complicated and have been investigated with great interest. In this section past 
researches on the crystal structures of perovskite oxynitrides will be reviewed. 
2.3.1 Perovskite structure 
 A basic unit of ideal perovskite structure is a cube form with A cations at the 
corners, B cation at the body center and X anions at the face centers (Fig. 1). In this 
structure, we can see an octahedral coordination between B cation and surrounding six X 
anions. In cases of oxides (i.e. X = O), A site is mostly occupied with an alkaline earth 
metal or lanthanoid, while a transition metal often occupies B sites. 
 Perovskite structure can be distorted in reality based on the balance between 
the sizes of component ions. This sometimes results in deviation of crystal system from 
the ideal cubic into others. Tolerance factor τ, defined by the formula described below, 
is an effective measure to understand the relationship between stability of 
perovskite-type setting and ionic sizes.  
 𝜏 =  (𝑟𝐴 + 𝑟𝑋)√2(𝑟𝐵 + 𝑟𝑋) (2.5)  
where rA, rB and rX are the ionic radii of A, B and X ions, respectively. In an ideal case 
that the ionic sizes are well balanced, the value of τ is unity and the crystal system is 
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cubic. SrTiO3 is a good example of cubic perovskite with τ equal to 1.002 and space 
group of𝑃𝑃3̅𝑃. It is empirically known that cubic perovskite structure is allowed if the 
deviation of τ from unity is less than 0.1. If rA becomes large relatively to rB, τ increases. 
This situation makes a larger space inside the A cation cubes and X-B-X bonds elongates 
to a certain direction. The resulting crystal symmetry is referred to as tetragonal, in 
which the c-axis length is elongated as can be seen in BaTiO3. Oppositely, small rA, i.e., 
τ less than 1, results in orthorhombic or rhombohedral structures. In this case, the 
symmetry lowering is responsible for tilting (including rotations) of BX6 octahedral 
structure. 
 The octahedral tilting at low τ has some patterns and they can be classified 
using Glazer notation, which is named after the researcher who developed [72]. In the 
notation, a pseudo-cubic structure with the space group of 𝑃𝑃3̅𝑃 is firstly assumed in 
every case even if the real structure is somehow deviated from cubic. Then, all tilting 
manners can be described as a#b#c# in which each characters is responsible for rotations 
around an axis of the assumed pseudo-cubic cell. Difference in the character means the 
degree of tilting is not isotropic. Two possible directions of each tilting are described 
with signs of + and –, respectively, and are put at the superscript #. If an axis does not 
show tilting, the sign is 0. Howard and Stokes analyzed possible tilting in ABX3-type 
perovskite structure based on group theory and found that only 15 patterns are possible 
and can be related in a group-subgroup manner between which first order transition is 
allowed [73]. For example, GdFeO3 has octahedral tilting described as a+b−b− and space 
group of Pnma. In this situation, a basic ABO3 unit is no longer a crystallographic 
primitive cell and √2 × √2 × 2 unit is usually taken as a unit cell. 
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 When we consider local octahedral structure, the symmetry must be lowered by 
partial introduction of nitrogen into the anion sites. This is because nitrogen causes 
inequivalent sets of X-B-X units. In case of ABO2N type perovskite oxynitrides, cis- and 
trans-type arrangements are possible for an octahedral unit. In both cases there are at 
least two inequivalent X-B-X units. All of three X-B-X units can be inequivalent if 
distortion and/or tilting of the octahedron are taken into account. 
 Local symmetry of octahedral structures is averaged out when they arrange in a 
statistical manner and the total symmetry becomes higher than local one. On the other 
hand, if the octahedral units order, the symmetry of entire crystal reflects the symmetry 
of each unit and/or ordering. 
 Attfield extended the classification of octahedral tilting in ABX3 perovskites to 
ABX3, ABX2X′ and ABXX′X″ perovskites and reported additional 4 patterns (i.e. 19 
patterns in total) [74]. Note that this classification can be used to describe the averaged 
structures and local symmetry might be lower than them. 
2.3.2 Experimental investigation 
 The most conventional method to evaluate averaged crystal structure is X-ray 
diffraction (XRD). XRD has been widely adopted to investigate the structures of 
perovskite oxynitrides since the first report by Marchand et al [19], and provided 
information about their symmetry and lattice constants. However, XRD is not very 
effective to characterize detailed structures including anion arrangement in oxynitride 
materials because oxygen and nitrogen have very similar atomic form factor with 
respect to X-ray and are almost impossible to be distinguished. Thus, neutron diffraction 
method has been frequently used to detect the distribution of the anions due to the large 
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difference in scattering length between oxygen (5.803 fm) and nitrogen (9.360 fm). 
Considerable numbers of neutron diffraction studies for structural refinement of 
perovskite oxynitrides have revealed general tendencies together with some exceptions. 
 Firstly it has been unraveled that anion arrangement and resulting crystal 
symmetry in perovskite oxynitrides is dependent on synthesis conditions including 
starting materials, process temperature and reaction time and additive fluxes, etc. For 
example, variations in space group and anion distribution have been reported in the 
system of LaTiO2N. 
 Yashima et al. reported preparation of samples of LaTiO2N with flux method 
[41]. They obtained specimens with high crystallinity and determined their space group 
as Imma through neutron refinement. In Imma space group, there are two inequivalent 
anion sites, 4e and 8g, and the both sites were occupied with the two anions with almost 
perfectly statistical probability (i.e. O/N = 2). This means that the lowering in symmetry 
was responsible for tilting of octahedral structures similarly to the case of some oxides.  
 On the other hand, Clarke et al. [39] and Logvinovich et al. [40] reported 
preparation of LaTiO2N powders with space group of triclinic I1̅, which has three 
inequivalent anion sites. In the former report, the distribution of anions was almost 
random but its deviation from perfectly random distribution is larger than that of the 
specimen with Imma space group. The specimens in the latter study exhibited clear 
deviation from the statistical distribution. Almost half of one site was occupied by 
nitrogen (and also by oxygen) while the other two sites showed similar O/N occupation 
ratio close to 75%. In this case, not only tilting but also distribution of anions 
contributes to the lowering in symmetry. The authors confirmed that the lowered 
symmetry originates from the characteristic anion distribution based on the results of 
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electron diffraction observation manifesting the presence of superstructure. 
 The high temperature neutron diffraction measurement conducted on SrTaO2N 
and SrNbO2N by Yang et al. explained how the anion arrangement was formed in the 
perovskite oxynitrides [32]. They detected structures with I4/mmm space group which 
possess two inequivalent anion sites in their specimens at 300 °C. While one site 
showed 50/50 occupation ratio of oxygen and nitrogen, the other site was almost 
perfectly occupied with oxygen. This means that almost all nitrogen ions distribute in 
the two dimensional planes perpendicular to the axis that O-B-O chain forms (Fig. 3). 
This partial anion order was robust up to at least 750 °C. The random planer structure is 
consistent with local ordering of cis type units, which will be described later on, when 
we consider random zigzag B-N chains spread into a plane.  
 Decrease in temperature to room temperature resulted in phase transition of the 
materials into low symmetry phase with space group of I112/m, which was lowered in 
symmetry from I4/mcm space group by distribution of nitrogen. The phase transition 
Figure 3. Pervskite oxynitride with (a) perfectly ordered and (b) disordered 2D 
plane composed of –B–N– chain. B site is allocated at each corner and 
B–N–B bonds are represented with bold lines. Reprinted by permission from 
Macmillan Publishers Ltd: Nature Chemistry [32], copyright 2011. 
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was dominated by rotation of the octahedral structures (Fig. 4). Interestingly the 
peculiar axis around which the rotation occurred was not the special axis in the high 
temperature phase formed with O-B-O chain but one of the axes included in the 2D 
plane with random distribution of oxygen and nitrogen. The resulting anion distribution 
at low temperature can be described by the combination of 50:50 and 75:25 occupancies 
of oxygen and nitrogen ions in the anion sites mentioned above. The same characteristic 
distribution has been observed in some other systems including CaTaO2N [30] and 
NdVO2N [58]. In the case of LaNbON2 [43], opposite distribution between nitrogen and 
oxygen was observed. In addition, electron diffraction measurements proved the 
formation of superstructure associated with anion arrangement in some perovskite 
oxynitrides: ABO2N (A = Eu, Sr; B = Nb, Ta), EuWO2N [32], LaTiO2N [40], LaNbON2 
[43] and NdVO2N [58].  
Figure 4. Rotation manner in the transition from high temperature to low 
temperature phase in perovskite oxynitrides SrTaO2N and SrNbO2N. 
Reprinted by permission from Macmillan Publishers Ltd: Nature Chemistry 
[32], copyright 2011. 
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 BaTaO2N and BaNbO2N can be an exception of the considerable kinds of the 
structurally investigated perovskite oxynitrides because only highly symmetric cubic 
structure has been observed in them [19,21,27]. This means that the distribution of 
nitrogen is perfectly random in all three directions and that the ochtahedral structures 
are not tilted at all or the tilting is perfectly averaged out. 
 In addition to the studies on average structure using diffraction techniques, 
observation techniques to investigate local structure have also been applied for 
perovskite oxynitrides. Extended X-ray-absorption fine-structure (EXAFS) analysis is a 
powerful method to obtain the information about local bond length. Ravel et al. 
conducted EXAFS measurements on LIII edge of BaTaO2N [12]. Despite neutron 
diffraction measurements concluded that the average structure was cubic with high 
symmetry, the XAS spectrum could not be explained by assuming a simple cubic 
perovskite model. While the assumption of equal lengths for Ta-O and Ta-N bonds 
yields an unusual value for a fitting parameter, the model considering two different 
distances between Ta and anions reproduced the spectrum very well. The two different 
bond distances correspond to Ta-N and Ta-O bonds and the Ta-N bonds were shorter 
than Ta-O ones by about 0.1 Å. This result contradicts to the general expectation on 
bond lengths using ionic radii of oxygen (1.38 Å) and nitrogen (1.46 Å), which are 
widely used to anticipate bond lengths in ionic crystals of oxides and nitrides. The 
contradiction suggests that the Ta-N bond has considerable covalency because the 
length of bonds nitrogen forms in organic molecules is usually shorter than those of 
oxygen [74]. This indicates the presence of local disorder in BaTaO2N. 
 Page et al. investigated the local structure of BaTaO2N with the technique of 
neutron pair distribution function (PDF) analysis [74]. In PDF refinements, diffuse 
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scattering of neutrons in a limited scale of tens Å is analyzed, which is contrastive to the 
whole range refinement in usual Rietveld analyses. Though the simple cubic structure 
showed good fit to experimental data in the Rietveld analysis, deviation from 
experiments became obvious by decreasing the range order of PDF analysis. This 
indicates that the local structure is apart from the average structure. The authors also 
conducted first principles calculation to examine the local structure and found that a 
cis-type ordered structure is more stable than the perfectly random one. Because the cis 
structure reproduced the local neutron scattering spectrum well, they concluded that the 
ordered cis-type structure is formed in a local scale of 10 to 20 Å but averaged out in a 
macroscopic scale in BaTaO2N. 
 In BaTaO2N, signs of deviation of local structure from simple cubic perovskite 
were also visible in electron diffraction. Withers et al. found diffuse patterns running 
through the sheets of 𝐆 ± {001}, indicating formation of polar structures along <001> 
direction in real space [75]. They suggested that the polar structures were caused by the 
shift of Ta ions as seen in ferroelectric peorvskite oxides due to the large bond strain of 
0.4095 derived from the simple cubic model though correlation between them would be 
suppressed by strain field formed by the random O/N distribution.  
 Though the manners of anion distribution and bonding nature of nitrogen ions 
in perovskite oxynitride compounds have been gradually clarified, key factors to 
determine anion arrangement have not been understood well. This is partly because of 
the bad controllability of ammonolysis reaction and thus new synthesis method that 
allows us to change synthesis parameters more flexibly is demanded for further 
understanding. 
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2.3.3 Computational calculation 
 Though only a small number of reports are found in the literature, first 
principles calculations have been conducted to understand the structures of perovskite 
oxynitdes. Computational approaches have advantages that they can “control” anion 
arrangement freely even if the arrangement is not experimentally confirmed.  
 Fang et al. calculated the most stable structures of BaTaO2N with ordered and 
pseudo-random anion arrangements [76]. For ordered arrangements, they assumed three 
types: trans-type, cis-type and a combination of different coordination states of Ta 
(TaO3N3 and TaO5N). They found that the geometries have different relaxed (optimized) 
structures from each other. All the three settings showed large shifts of Ta ions from the 
first setting of highly symmetric pseudo-cubic by about 0.1 Å. While the change in 
lattice constant was not very large in the latter two settings despite the large shift of Ta, 
the trans structure showed large change in lattice structure and bond lengths. Larger 
change in Ta-N bond than Ta-O one was observed in the trans structure and the 
resulting cell volume and distortion (c/a ratio) were larger than the other two settings. 
The total energies of the two structures other than the trans-type one were similar (0.06 
eV difference) and 0.2 eV smaller than the trans structure. 
 In first principles calculations, a perfectly random structure cannot be 
investigated because a supercell is assumed and extended by periodic repeat in order to 
reduce calculation cost. In the report, they assumed two different 4𝑎0 × 4𝑎0 × 4𝑎0 
supercells with different combinations of some Ta coordination states to address the 
structure and stability of random geometries reported in experiment. In these 
pseudo-random settings, distribution of bond lengths between cations and anions were 
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investigated and a clear tendency was found that the Ta-N bonds were shorter than the 
Ta-O bonds. The obtained values for the bond lengths were in good agreement with the 
experimentally observed bond lengths from neutron diffraction. The total energies of the 
pseudo-random structures were close to those of the two ordered structures other than 
the trans structure. Considering the reduction in Gibbs free energy ∆𝐺 ≈ ∆𝐸 − 𝑇 ∆𝑆 
with the contribution of the entropy term, the random structures are more stable than the 
ordered structures. 
 They calculated the electronic structure of one of the pseudo-random structures. 
Despite the varieties of coordination states, Ta ion showed small variation in charge. 
This was considered to be due to the covalency in Ta-anion bonds which was well 
described by the fact that the calculated charges of O, N and Ta are deviated from the 
formal ones by more than 1. On the other hand, Ba showed an almost empty 6s state, 
which represents its ionic nature.  
 Characteristic features were seen in the calculated band diagram. A significant 
hybridization between N 2s and Ba 5p orbitals was discernible despite they are semicore 
levels. The band structure consisted of hybridized O 2p, N 2p and Ta 5d orbitals. The N 
2p level largely contributed to the top of the valence band. 
 Wolff et al. calculated the structures of perovskite oxynitrides ABO2N (A = Ca, 
Sr, Ba and B = Ta, Nb) assuming space groups of highly symmetric cubic 𝑃𝑃3̅𝑃, 
tetragonal I4/mcm and orthorhombic Pnma, which are observed in experiments [77]. 
Throughout all of the systems, the 𝑃𝑃3̅𝑃 structures were most unstable and the Pnma 
ones were most stable. They attributed this to the antibonding hybridization between O 
and Ta or O and O based on the orbital calculation assuming perovskite-like molecules. 
In the most stable Pnma structures, the calculated bandgap values are in good agreement 
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with the experiment ones while those of the 𝑃𝑃3̅𝑃 settings were much smaller. The 
calculated bond lengths of Ta-N bonds were shorter than those of Ta-O ones as well as 
the calculation performed by Fang et al. In their calculation, the most stable structure 
was the ordered structure with Pmc21 space group, which is derived from Pnma space 
group whose symmetry is lowered by anion arrangement. They considered the reduction 
of Gibbs energy due to the entropy effect is not enough to stabilize random structures 
and speculated that the structures with higher symmetry observed in experiments are the 
consequence of thermal averaging at a finite temperature. 
 Page et al. conducted first principles calculation on BaTaO2N and SrTaO2N to 
investigate the local ordering indicated by PDF analysis, constructing three structural 
models: Polar trans, antipolar trans and antipolar cis arrangements (Fig. 5) [74]. They 
obtained optimized structures with P4mm, I4/mmm and Pbmm space groups for 
BaTaO2N, respectively. Table 3 shows the bond distances between Ta and anions and 
total energy of the optimized structure. As can be seen, the cis type structure is the most 
stable of the three, which is in good agreement with experimental structural analyses. 
Furthermore, they suggested that the polar trans structure is stabilized by biaxial stress 
considering the large tetragonal distortion. This situation was similar to the case of 
SrTaO2N as shown in Table 4. 
 Hinuma et al. optimized the structures of BaTaO2N and SrTaO2N in more 
detail to explain their high dielectric constants, which will be described again later on 
[13]. They started structural optimization with small supercells composed of one or two 
perovskite ABO2N formula units and then gradually extended the size of supercells 
based on the stable cells in smaller size. In the first optimization, they compared cis- 
and trans-type units and found that the cis-type unit is much more stable than the 
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Figure 5. Three structural models for ordered perovskite oxynitride: (a) Polar 
trans, (b) Antipolar trans and (c) antipolar cis. Reprinted with permission from 
[74]. Copyright 2007 American Chemical Society. 
Table 3. Optimized structure for BaTaO2N based three models in Fig. 5. 
Adapted with permission from [74]. Copyright 2007 American Chemical 
Society. 
Table 4. Optimized structure for SrTaO2N based three models in Fig. 5. 
Adapted with permission from [74]. Copyright 2007 American Chemical 
Society. 
34 
 
trans-type one. They continued the calculation up to supercells with 2 × 2 × 4 = 16 
formula units. The most stable structures finally obtained were non-centrosymmetric 
with coiled chains of Ta-N bonds both in the cases of BaTaO2N and SrTaO2N (Fig. 6 
and 7 for BaTaO2N and SrTaO2N, respectively). Spontaneous polarizations are raised by 
the shift of ions in BaTaO2N while the tilting of ochtahedral structures broke 
Figure 6. Optimized structure for BaTaO2N viewed from two directions. 
Reprinted with permission from [13]. Copyright 2012 American Chemical 
Society. 
Figure 7. Optimized structure for SrTaO2N viewed from two directions. 
Reprinted with permission from [13]. Copyright 2012 American Chemical 
Society. 
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centrosymmetry in SrTaO2N (Fig. 8). They considered that the flexible polarizations 
which are easily fluctuated by thermal energy at room temperature are the origin of the 
high dielectric constant though connection of the supercells with random orientations 
cancels out net polarization.  
 The past computational researches on the structures of perovskite oxynitrides 
showed good agreements with local structures observed or suggested in experiments. 
However, full understanding of the structure is still far because of the large calculation 
cost for the structures with large supercells. For further computational approaches, new 
methods that can treat larger cell sizes are needed. 
2.3.4 Theory 
 The arrangement of oxygen and nitrogen in perovskite oxynitrides is 
contrastive to those of cations in mixed-cation perovskite oxides. In the case of cation 
Figure 8. Direction and origin of spontaneous polarization in (a) BaTaO2N and 
(b) SrTaO2N. Reprinted with permission from [13]. Copyright 2012 American 
Chemical Society. 
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arrangement, it is well known that the degree of order/disorder is determined by the 
difference in charge and ionic radius of coexisting species: larger difference in charge 
and/or ionic size favors ordered structures in higher extent. If the rule is applied to 
oxygen and nitrogen in oxynitrides, the difference in ionic radius and charge is high 
enough to form ordered structure stably. However, anions tend to arrange randomly or 
to be ordered partly in perovskite oxynitrides as described above.  
 Attfield attributed this to the difference in covalency between nitrogen and 
oxygen [74]. While ionic radius of nitrogen is larger than oxygen, the length of the 
covalent bond formed between N and C in a molecule of FCN is smaller than that of the 
bond between O and C in the isoelectric CO2. Considering the fact that the B-N bonds 
tend to be slightly shorter than the B-O bonds in perovksite oxynitride, as observed both 
experimentally and theoretically, the B-N bonds are considerably covalent even in the 
basically ionic crystals. 
 The high covalency of nitrogen ions can give explanation to the favorable 
formation of cis-type units in a local sense. Actually, the trend is not limited to 
perovskite oxynitrides and but is visible even in polyatomic ions of MoO22+ and 
molecules including MoO2F2(thf)2 (thf = tetrahydrofuran) and Mo(NtBu)2Cl2(py)2 (py = 
pyridine) [78]. Tatsumi et al. explained that this is because the cis-type arragement 
allows larger number of configurations forming π bonding hybridizations between the d 
orbitals of central metals and the p orbitals of coordinating species than trans-type.  
 Despite the very similar lengths of the B-O and B-N bonds results from their 
partially covalent (and partially ionic) nature, the distribution of oxygen and nitrogen 
ions was not perfectly statistical and their partial ordering to form 2D planer structure 
was observed in some perovskite oxynitrides (see Fig. 3). Although the origin of the 
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favorable formations of the partial ordering has not been clarified, Camp et al. gave an 
interesting insight into the entropy of the system with partially ordered anions [79]. That 
is, the calculated entropy S on the 2D planer structure showed an unusual relation of 
𝑆 = (2𝑅 ln 2)/𝑁1/3 per mole to the number of atoms N where R is gas constant. This 
“subextensive” entropy is close to 0 for a large single crystal contains one mole atoms 
while finite entropy remains for a small nanoparticle of several tens nanometers. 
Because perfectly ordered and random states were described by entropies proportional 
to N0 and N1, respectively, the partially ordered state may be related to the subextensive 
entropy. For deeper understanding, future experimental investigations on the entropy of 
perovskite oxynitride specimens are required.  
2.4 Physical properties 
 Perovskite oxides have been revealed to show a wide range of functionalities 
and the methods to investigate them have been well established for more than half 
century. In contrast, the history of perovskite oxynitrides is too short for researchers to 
get systematic understanding on their physical properties and to apply them to actual 
uses. Nevertheless, their properties reported so far are unique. Thus, it is expected that 
perovskite oxynitrides exhibit functionalities and applications that are hardly accessible 
by conventional materials. 
2.4.1 Visible light absorption 
 When a precursor oxide is converted to the corresponding perovskite 
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oxynitride, color obviously changes under a d0 configuration. Since nitrogen is less 
electronegative than oxygen, the nitrogen 2p orbital is higher in energy than the oxygen 
2p orbital, resulting the narrowing of bandgap from ultraviolet (UV) to visible light 
region. Considering the fact that the bandgaps of semiconductors vary depending on 
their chemical compositions and crystal structures, colors of perovskite oxynitrides 
might be tunable to some extent. 
 Jansen et al. reported good tunability of color from yellow through orange to 
deep red by changing the x value from 0.05 to 1.0 in the system of Ca1−xLaxTaO2−xNx 
(Fig. 9) [7]. The authors suggested that conventional pigments of these colors, usually 
containing toxic heavy metals including cadmium, can be replaced by the perovskite 
oxynitrides, taking into account the environmental friendliness and the heat stability of 
oxynitrides.  
Figure 9. Color coordinates of Ca1−xLaxTaO2−xNx (circle) and other pigments, 
cadmium yellow (1), cadmium orange (2), cadmium red (3), cadmium dark red 
(4), Fe2O3 (5) and (Al0.95Mn0.05)2O3. Reprinted by permission from Macmillan 
Publishers Ltd: Nature [7], copyright 2000. 
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 Aguiar et al. studied the colors of various kinds of perovskite oxynitrides 
including CaTaO2N, SrTaO2N, BaTaO2N, Yb2Ta2O5N2 (with layered perovskite 
structure), CaZr0.5Ta0.5O2.5N0.5, SrNbO2N, BaNbO2N, SrTiO3:N and LaTiO2N [8]. They 
discussed the change in bandgap in relation with the width and position of conduction 
band mainly composed of the empty d orbitals of the B-site metals. Generally speaking, 
the band structures of perovskite materials are explained with the overlap between metal 
d orbitals and p orbitals surrounding the B-site metal both in σ- and π-type 
configurations. This hybridization of orbitals has been confirmed by theoretical 
calculations in many reports.  
 The overlap between the two types of orbitals is highly affected by the bond 
angle of B-X-B: It takes the highest value of 180˚ in a straight bond, and monotonically 
decreases to less than 180˚ with tilting of the bond. Though the contribution of the 
orbitals of A-site cations to the hybridization is negligible, the ionic sizes of A-site 
cations determine the value of tolerance factor and the resulting crystal structure 
including bond angles. The series of perovskite oxynitrides of CaTaO2N, SrTaO2N and 
BaTaO2N gave a good example for this situation. Crystal system of CaTaO2N, SrTaO2N 
and BaTaO2N were determined to be orthorhombic, tetragonal and cubic, respectively, 
with XRD, and the bond angle of Ta-(O,N)-Ta bonds was found to increase from 153.3˚ 
through 169.9˚ to 180˚ in the order [8]. This trend reflects the difference in ionic radii of 
Ca2+, Sr2+ and Ba2+ with the values of 1.48, 1.58 and 1.75 Å, respectively. The resulting 
bandgap values are 2.4, 2.1 and 1.8 eV, respectively. The decrease in bandgap is due to 
the widening of the d orbital of Ta ion caused by increased hybridization (Fig. 10a). 
 In contrast to the width, the position of d orbitals depends on electronegativity 
of transition metals [8]. For example, Nb5+ ions are more electronegative and possess d 
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orbitals at lower energy than Ta5+ ones. This explains why BaNbO2N has a narrower 
bandgap than BaTaO2N and also SrNbO2N than SrTaO2N despite the similar ionic radii 
of Nb5+ and Ta5+ (Fig. 10b).  
2.4.2 Photocatalysis 
 Another promising usage of the visible-light-active band structure is 
photocatalysis. Since the first discovery of water splitting reaction known as 
Honda-Fujishima effect in 1972 [80], many kinds of semiconductors have been studied 
in terms of their photocatalytic activity. The photocatalytic process has been explained 
as follows [81,82]: 1) Irradiation light excites electrons in valence band to conduction 
band and forms hole-electron pairs inside a photocatalytic material. 2) The generated 
Figure 10. Easy models of band structure of perovskite oxynitrides with (a) 
different bond angle and (b) different covalency of cations. Reprinted from 
Dyes and Pigments, 76, R. Aguiar et al., “The vast colour spectrum of ternary 
metal oxynitride pigments”, 70–75, Copyright 2008, with permission from 
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holes and electrons migrate from inner parts to surface regions. 3) Electrons and holes 
causes following redox reactions, respectively.  2H+ + 2𝑒− → H2 (2.6)   H2O + 2ℎ+ → 12 O2 + 2H+ (2.7)  
If the bandgap is in visible light region, sun light energy can be converted into the 
electrochemical energy to produce of hydrogen and oxygen gas effectively without any 
hazardous exhaust. Thus, use of visible-light active perovskite oxynitride as 
photocatalyst has a possibility to provide a good solution to the worldwide energy 
problem.  
 One of the most crucial requirements for photocatalytic materials is band 
alignment. This is not only because bandgap determines the active wavelength of light 
but also because the positions of conduction band and valence band determine whether 
the redox reactions proceed. Because the redox potentials of the above two reactions are 
fixed to 0 and +1.23 V vs. NHE at pH = 0, respectively, the redox potential of 
conduction band must be lower (i.e. higher in energy) than 0 V vs. NHE and that of 
valence band must be higher than +1.23 V vs. NHE [82].  
 Balaz et al. reported precise band structures of perovskite oxynitrides ATaO2N 
(A = Ca, Sr and Ba) and PrTaON2 [29]. They determined the positions of Fermi level, 
valence band maximum and conduction band minimum by combining techniques of 
X-ray photoemission spectroscopy (XPS), Kelvin probe force microscopy, UV-vis 
spectroscopy and depth-resolved cathode luminescence spectroscopy. Though ATaO2N 
possessed suitable positions for both conduction band and valence band, the valence 
band maximum of PrTaON2 was lower than +1.23 V vs. NHE in redox potential. This 
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result suggests that the ATaO2N perovskite oxynitrides can prompt overall water 
splitting while PrTaON2 can cause hydrogen production alone. 
 However, the situation is somewhat more complicated. So far, the report of 
successful processing of overall water splitting is limited to CaNbO2N [38], LaTiO2N, 
Ca0.25La0.75TiO2.25N0.75 [10] and BaZrxTa1−xO2+xN1−x [54]. Other perovskite oxynitrides 
are active only for a partial reaction or non-active. This is because photocatalytic 
reactions can be prevented by many factors: Defects inside crystal structure sometimes 
provide finite density of states inside the gap (defect level) which tends to prevent 
generation of hole-electron pairs, to trap the generated carriers, to recombine them 
and/or even to cause self-decomposition of the photocatalyst [10]. Sample shape also 
affects the efficiency because it determines the effective surface area where the redox 
reactions occur. Low crystallinity enhances the chance of recombination of the 
generated carries because it reduces the mobility of carriers. 
 Efficiency of water splitting with perovskite oxynitride photocatalysts has been 
not enough for practical use despite intensive researches so far. Moriya et al. 
summarized synthesis of perovskite oxynitrides for photocatalysts as a fundamental 
issue in the field in their review paper [83]. It is difficult to obtain perovskite oxynitride 
specimens with suitable quality using the conventional ammonolysis and the technique 
must be improved. 
2.4.3 Electrical properties 
 In contrast to the wide investigations on photocatalytic properties, the number 
of studies on electrical properties has been very limited. This is mainly because of the 
difficulty in excluding extrinsic effects in powder samples obtained with conventional 
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ammonolysis [9,67]. Even so, the reported electrical properties on perovskite 
oxynitrides are unique.  
Kim et al. reported anomalously high dielectric constant of BaTaO2N and 
SrTaO2N [11]. Because impedance spectra are contributed by both bulk and grain 
boundaries, they extracted the signal from the bulk part. The resulting dielectric 
constants were in the order of 2000–5000. These values were comparable to those of 
practical ferroelectric materials such as PZT though ferroelectric behavior was not 
observed. In contrast to the behaviors of dielectric constant in ferroelectric materials, the 
dielectric constants of SrTaO2N and BaTaO2N were almost independent of temperature 
(Fig. 11). Dielectric constants in the same level or even higher values were observed in 
the specimens of SrTaO2N with improved density by Zhang et al [35]. However, 
BaTaO2N epitaxial thin films showed one order of magnitude lower dielectric constant 
Figure 11. Temperature dependence of dielectric constant of BaTaO2N and 
SrTaO2N in bulk form. Reprinted with permission from [11]. Copyright 2004 
American Chemical Society. 
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and it is still unclear whether the high values observed in the bulk specimens were 
intrinsic (Fig. 12). As for the origin of the high dielectric constant, Hinuma et al. 
suggested the contribution of local spontaneous polarizations associated with certain 
anion arrangements as mentioned above [13].  
 Kusmartseva et al. [48] and Yang et al. [49] reported colossal 
magnetoresistance in EuWO1+xN2−x, where the behavior is dependent on the 
composition parameter x. They prepared specimens with various x from 0.41 through 
0.25, 0.18, 0.09 and −0.04 to −0.12. All the samples showed ferromagnetism with Curie 
temperature of 11–13 K which derived from spins of f electrons in Eu2+. Because W is 
in d0 state with the composition of EuWON2, the composition with positive x means an 
electron-doped state (W6+ → W5+ ) and negative x represents a hole-doped state 
Figure 12. Temperature dependence of dielectric constant and dielectric loss 
of BaTaO2N epitaxial thin film. Reprinted with permission from [61]. Copyright 
2007 American Chemical Society. 
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(Eu2+ → Eu3+). Negative magentoresistance was observed at low temperature in the 
full range of x. In the electron doped region, the resistance increased monotonically with 
approaching to the stoichiometric d0 state except for the highest doped specimen, which 
showed higher resistivity than expected possibly due to the electrical inhomogeneity. 
Along with the increased resistivity, magnetoresistance is enhanced and reached the 
highest at the composition of x = −0.04. Hole-doping also caused decrease in resistivity 
and magnetoresistance. The authors attributed the magnetoresistance to the coupling of 
d electrons of W5+ and f electrons of Eu2+ in the electron-doped region and double 
exchange interaction between Eu2+ and Eu3+ in the hole-doped region. 
 Despite the uniqueness of the electrical properties, researches on them have 
been prompted at a struggle pace. Similarly to the cases of studies on photocatalytic 
properties, there is a strong demand for high quality samples which are free from 
extrinsic effects mainly caused by structural faults in both microscopic and macroscopic 
scales.  
2.5 Strategy of this study 
 As mentioned above, the biggest issue in the research field of perovskite 
oxynitrides is preparation of samples with suitable shape and quality for 
characterization. One of the best ways to access to high quality single crystalline 
samples is epitaxial growth, considering its large contribution to the researches on 
perovskite oxides especially in the field of basic research. In this study, I adopted 
NPA-PLD method to grow epitaxial thin films of perovskite oxynitrides. Advantages of 
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this technique which I will focus on in this study are as follows: 1) The technique 
enables soft nitridation which avoids degradation of sample quality during preparation 
unlike the cases of conventional ammonolysis and sputtering techniques. 2) Stress 
stabilization of a certain crystal structure is possible and can be used to control anion 
arrangement in oxynitride films. 3) Nitrogen supply is independent of the supplies of 
other species constructing perovskite framework, which would lead to good 
controllability of nitrogen amount and related electronic configuration in the films.  
 Related to the first feature, I firstly investigated whether it is possible to obtain 
stoichiometric oxynitrides with NPA-PLD because the technique has been used to dope 
small amounts of nitrogen, less than several at%, into oxides, but not to synthesize films 
containing nitrogen as a major component [71,84]. After optimization of the chemical 
compositions of the films, film qualities including crystallinity and surface morphology 
were investigated. The electric properties of the films were also evaluated from 
dielectric capacitance measurements to demonstrate that the film quality was high 
enough to conduct reliable electrical measurements. SrTaO2N and CaTaO2N were 
chosen as model materials. 
 The technique to stabilize a certain crystal structure under epitaxial strain was 
applied to control the anion arrangements in perovskite oxynitrides. Page et al. 
suggested that the polar trans type structure of SrTaO2N can be stabilized if the material 
grown on a substrate with smaller lattice constant feels compressive stress. Based on 
this idea, I attempted epitaxial growth of SrTaO2N (a = 4.03 A; pseudo-cubic 
approximation [11]) on STO substrate (a = 3.905 A). Focusing on the spontaneous 
polarization of the calculated structure, I investigated ferroelectricity of the obtained 
films. In addition, the influence on anion arrangement was structurally investigated on a 
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series of Ca1−xSrxTaO2N thin films, in which epitaxial strain was controlled. 
 As another topic, I investigated the influence of nitrogen on transport property 
using the third feature of NPA-PLD mentioned above. I chose SrNbO3−xNx as a model 
compound because Nb has flexibility in valence state in contrast to Ta, in which Ta5+ 
state with d0 is very stable. I studied the change in transport property of the system 
whose nitrogen content was systematically controlled. 
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Chapter 3 
Experimental techniques 
3.1 Sample preparation 
3.1.1 Nitrogen plasma assisted pulsed laser deposition [85–87] 
 Pulsed laser deposition (PLD) is one of the established ways to grow thin films 
of solid state materials, especially semiconductors, and categorized as physical vapor 
deposition. Because it enables fine tuning of composition and crystallinity of films with 
variable parameters, the obtained specimens generally have enough quality for 
characterization of physical properties and for practical uses. 
 As shown in the schematic illustration of PLD in Figure 13, a pulsed laser is 
used to transfer elements in a source, so-called target, to substrate on which films are 
grown. Usually lasers used in PLD possess wavelengths of several hundred nm such as 
266 nm and 355 nm of quadrupled and tripled Nd:YAG laser, respectively, and 193 nm, 
248 nm and 308 nm of ArF, KrF and XeCl excimer lasers, respectively. These short 
wavelengths enable to form nanosecond pulses in which energy density is enhanced 
drastically from a continuous laser. When a target placed in an ultrahigh vacuum (UHV) 
chamber is irradiated with a pulsed laser, the high energy of the laser is absorbed by the 
target and causes excitation of surface part of the target and injection of single particles 
49 
 
and/or clusters of ionic and atomic species of included elements. The excitation is 
known to accomplish a complicated process which makes the injected “plume” vertical 
to the target surface. This highly directed supply of sources enables easy transfer of 
cationic composition from the targets to thin films. Furthermore, the high energy of 
laser gives high kinetic energy to the ablated species which enables crystallization at 
low temperature. This feature sometimes makes it possible to synthesize metastable 
phases including oxynitrides.  
 There are two variable parameters related to the laser pulses: fluence (areal 
energy density) and repetition rate. The laser fluence is controllable with inserting 
attenuators on its optical path. It has been reported that the fluence affects the transfer 
efficiency of source elements and precise tuning is required to achieve a perfect transfer 
of cationic composition from the target to the films. The repetition rate affects the 
density of anion vacancies in the films. It is difficult to transfer anionic composition 
from the target to the films completely because anions are easily released from the 
plume and/or the films to the vacuum circumstance as molecular gas and film 
composition tends to be less in anions than the original composition of the target. 
Higher repetition rate generally leads smaller amounts of anion vacancies in the films 
due to the less time for anions to be released. At the same time, deposition rate of the 
films are determined by the multiple of supply of the source species by one pulse, which 
is dependent on the fluence, and the repetition rate. The deposition rate generally affects 
crystallinity and/or phase stability of the films because it determines the migration time 
of the active species transferred at the surface of the substrates. 
 Another factor to determine the anionic composition in the films is the 
atmosphere. PLD chambers are generally evacuated to UHV with pumps. And it is 
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possible to supply gases from inlets attached to the chambers and control the partial 
pressure of them in the chambers with variable leak valves. In case of oxide growth, 
oxygen gas is generally supplied to control oxygen composition in the films. Meanwhile, 
in nitrogen plasma assisted pulsed laser deposition (NPA-PLD), nitrogen gas is supplied 
instead of oxygen in a form of activated plasma from a plasma source equipped to the 
preparation chamber (Fig. 13). Here, input power to the plasma source is a variable 
parameter in addition to the partial pressure of N2 gas.  
 When epitaxial growth is supposed, single crystals with good lattice matching 
to an objective material are generally used as template substrates. Depending on the 
crystallization temperature and the stability of the objective materials, heating of 
Figure 13. Setup of nitrogen plasma assisted pulsed laser deposition. 
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substrates is sometimes necessary and the substrate temperature is a variable parameter. 
 In this study, I used a NPA-PLD system based on a UHV preparation chamber 
(base pressure ~ 3 × 10−9 Torr) equipped with a KrF excimer laser (λ = 248 nm) and 
plasma sources such as an electron cyclotron resonator and a radio frequency plasma 
source. The targets were ceramic pellets of oxides obtained by conventional solid state 
reactions. The oxides contained the same cation ratio as the objective perovskite 
oxynitrides. The substrates were single crystals of perovskite oxides which has 
relatively close lattice constants to the film materials. During the deposition of the films, 
the substrates were attached to graphite plates with platinum paste and fixed with metal 
clumps. The backside of the graphite plates were irradiated with infrared light from a 
lump set in the preparation chamber and the substrate temperature was controlled by the 
lump input power. 
 
3.2 Crystallographic characterization 
3.2.1 Reflection high energy electron diffraction [88–91] 
 In situ observations on a synthesis process are helpful to understand growth 
mechanisms of specimens and to optimize their synthesis conditions. As for crystal 
growth, several diffraction techniques are available for observations under UHV or 
high-vacuum conditions. Reflection high energy electron diffraction (RHEED) is one of 
the most established methods among them. Because RHEED provides information on 
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the crystal structure and morphology of the outermost atomic layer of the sample 
surfaces, it is useful to observe the crystal growth of deposited films without 
background signals from the inner structure. 
 In a typical setup of the measurement, an electron beam is projected from an 
electron gun to the sample surface with a glancing incident angle within a range of 
0.5–2.5 °. The electrons are accelerated by high voltage of 10 to 50 kV to achieve 
enough high cross-section of diffraction at such low incident angles. Inelastic scattering 
makes penetration length of electrons in the order of 10 nm, resulting in observation 
depth less than 1 nm at the shallow incident angles. Scattered electrons were detected 
with a phosphor screen facing the electron gun across samples and form a diffraction 
pattern on it. 
 When electrons with a wave vector k0 are scattered to a wave vector k, 
scattering amplitude F is given by the following equation using the electron density n(r) 
and the scattering vector 𝑲 = 𝒌 − 𝒌0.  𝐹 = � n(𝒓)exp(−𝑖𝑖 ⋅ 𝒓)d𝒓 (3.1)  
In a crystal with a periodic lattice structure, the electron density n(r) is given by the sum 
of the electron densities per unit cell na(𝒓 − 𝒓m) as following.  n(𝒓) = � na(𝒓 − 𝒓m)𝒓m  (3.2)  
where 𝒓m is the position of a unit cell, represented as 𝒓m = 𝑥𝒂1 + 𝑦𝒂2 + 𝑧𝒂3. Here, x, 
y and z are integers and a1, a2 and a3 are the lattice vectors. Substituting equation (3.2) 
in equation (3.1), we obtain 
 𝐹 =  � exp(−𝑖𝑲 ⋅ 𝝆)na(𝝆)d𝝆unitcell × � exp(−𝑖𝑲 ⋅ 𝒓m)𝒓m  (3.3)  
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= 𝑆𝑲 × 𝐿𝑲  
where 𝝆 = 𝒓 − 𝒓m. The first and second terms are called structure factor and Laue 
function, respectively. 
 In a single crystal with a size of 𝑉 = 𝑋𝒂 × 𝑌𝒃 × 𝑍𝒄 where X, Y and Z are 
integers, the contribution of the Laue function to the scattering cross section is given by 
the following equation. 
 |𝐿𝑲 |2 = sin2 𝑋2 (𝒂 ⋅ 𝑲)sin2 12 (𝒂 ⋅ 𝑲) × sin
2 𝑌2 (𝒃 ⋅ 𝑲)sin2 12 (𝒃 ⋅ 𝑲) ×
sin2 𝑍2 (𝒄 ⋅ 𝑲)sin2 12 (𝒄 ⋅ 𝑲)  (3.4)  
The equation has a finite value when 𝒂 ⋅ 𝑲 = 2ℎπ , 𝒃 ⋅ 𝑲 = 2𝑘π  and 𝒄 ⋅ 𝑲 = 2𝑙π 
where h, k and l are integers. These equations are satisfied when 𝑲  is a reciprocal 
lattice vector 𝑮, represented by the following equation using the reciprocal vectors b1, 
b2 and b3.  𝒃1 = 2𝜋 𝒂2 × 𝒂3𝒂1 ⋅ 𝒂2 × 𝒂3  ;  𝒃2 = 2𝜋 𝒂3 × 𝒂1𝒂1 ⋅ 𝒂2 × 𝒂3  ;  𝒃3 = 2𝜋 𝒂1 × 𝒂2𝒂1 ⋅ 𝒂2 × 𝒂3 (3.5)   𝑮 = ℎ𝒃1 + 𝑘𝒃2 + 𝑙𝒃3 (3.6)  
Thus, a diffraction occurs when 𝑲 = 𝑮 is satisfied. This is called Bragg condition and 
can be schematically drawn with Ewald’s sphere. The first term of equation (3.4) 
becomes 0 when 𝒂1 ⋅ 𝑲 = 2π/X. This leads the width of the diffraction peaks in the 
direction along a1 is of the order of 2π/X. This means that the size of the observed 
regions determines the distribution of diffraction intensity. Thus, the diffraction pattern 
reflects the surface morphology. 
 When an observed surface is rough in an atomic scale, the observed length is 
limited to short lengths in the incident direction of the electron beam. This broadens the 
distribution of intensity and the Ewald’s sphere crosses multiple reciprocal lattice points 
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within a Laue zone, which result in a spotty diffraction pattern. On the other hand, an 
atomically flat surface leads the observed length in surface normal direction to almost 0 
which results in rod-like diffraction patterns elongated along the direction. If there are 
many step structures on the sample surface, observation length in in-plane direction is 
also limited to several nm and thus the distribution parallel to the surface is broadened 
as well. The resulting intensity distributions are thick rods and a streak pattern is formed 
on the screen. When a step-terrace structure with a constant terrace width is formed by 
slight tilting of an atomically flat surface, not only the crystal lattices but also the 
reciprocal step-terrace structure forms reciprocal rods tilting at the same angle as the 
surface. The reciprocal rods formed by the step-terrace structure cut the other reciprocal 
rods formed by the lattice structure, which results in diffraction patterns composed of 
short rods. If the steps are small in number, the reciprocal rods formed with the crystal 
structure are very thin in in-plane direction and crossed parts with the Ewald’s sphere 
becomes spot. Differently from the patterns formed by rough surfaces, the Ewald’s 
sphere crosses only once with a Laue zone and the spots align concentrically. 
 Not only the lattice structure but also the crystallinity is also reflected by the 
diffraction pattern. When a polycrystalline specimen is observed with RHEED, ring 
patterns are formed on the screen. This is because the random orientation of the crystals 
causes rotation of the reciprocal points with a central focus at the zero-point and a 
spherical distribution of diffraction intensity which crosses with the Ewald’s sphere with 
a circular cross section. Amorphous samples show no bright peaks but halo patterns 
originating from the diffuse scattering of electrons by the component atoms. 
 Surface-morphology sensitive RHEED measurement is applicable to observe 
crystal growth mode of thin films. Film growth modes can be categorized into 3 general 
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groups: Layer-by-layer, step-flow and island growth modes (Fig. 14). 
Stranski-Krastanov growth mode is a layer-by-layer mode followed by an island growth. 
Each growth mode has a particular time dependence of the RHEED intensity and 
pattern on the screen. In layer-by-layer growth mode, the surface of the specimen 
undergoes random distribution of the adatom species on each terrace during a turn of 
surface renewal which ends with the perfect coverage of the original surface. This 
causes a continuous wave-like oscillation of the RHEED intensity (Fig. 15a). A 
step-flow mode growth is generally observed at relatively high temperature and the 
adatoms migrate to step edges before the perfect coverage with a new layer. This causes 
shift of the step edges and RHEED intensity drops when steps traverse the observed 
area (Fig. 15b). In island growth mode, the second or later layers grow on the tops of 
the first layers before the coverage of the original surface by the first layer is completed. 
Figure 14. Four basic modes of film growth with epitaxy. 
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This forms many island like structures on the surface of substrates and the RHEED 
pattern changes with reflecting the surface morphology. This is contrastive to the former 
two modes where atomically flat surfaces are maintained during the deposition. Though 
the former two modes are preferable to obtain high quality single crystal films without 
grain boundaries, they tend to be prevented by defect structures and are realized only 
when mismatch between the film and the substrate are small enough to allow coherent 
growth of the films.  
3.2.2. X-ray diffraction [88,90] 
 X-ray diffraction (XRD) is one of the most common methods to evaluate 
crystal structures of solid materials. In contrast to RHEED observation, the 
measurements are generally conducted in the air with exceptions of in situ observations 
Figure 15. RHEED oscillation observed in (a) layer-by-layer and (b) step-flow 
mode. Reprinted with permission from [90]. Copyright1999, AIP Publishing 
LLC. 
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under UHV conditions using a special instrumental setting. Because X-ray has smaller 
wave length than high energy electron beam, the peaks are more separated and 
resolution is higher in XRD than in electron diffraction techniques.  
 Figure 16 shows a typical setting of a 4-axis XRD machine composed of an 
X-ray generator, optics, a sample stage on a goniometer, a detector and a monitor. The 
relative positions of the detector and the measured sample to the incident X-ray are 
described by angles θ and ω, respectively. In addition, the sample can be tilted or 
rotated in χ and φ directions. Bragg condition can be translated into the following 
equation using θ.   2𝑑 sin 𝜃 = 𝑛𝑛 (3.7)  
where d is the distance between the lattice layers under the observation, λ is the 
wavelength of the incident X-ray and n is an integer. Lattice constants of the sample can 
Figure 16. Setup of X-ray diffraction measurement and direction of 4 axes of 
a goniometer equipped to sample stage. 
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be calculated from the 2θ values of the peaks by using the equation. When lattice planes 
parallel to the surface are measured, symmetric diffractions occur under a condition of θ 
= ω. Diffractions caused from the other lattice planes can be observed when the sample 
is tilted in a proper direction (so-called asymmetric settings). XRD data are often shown 
by the plot of diffraction intensity versus 2θ value measured under conditions of θ = ω 
(2θ-θ plot), because it is useful to visualize the peak positions and the phase purity.  
 There are mainly three kinds of detectors: 0D (spotty), 1D (linear) and 2D 
(circular) detectors. With increasing the detector dimensions, detection range becomes 
larger while resolution becomes lower. Thus, 2D detectors are useful for survey 
measurement and 1D and 0D detectors are generally used for fine measurements to a 
certain direction. 
 Not only microscopic lattice structures but also macroscopic geometries can be 
investigated with XRD. Equally to RHEED measurement, peak width in 2θ direction 
reflects the size of the sample. As for thin film samples, thickness can be estimated also 
from the intervals of oscillation patterns appearing around each peak due to the 
interference of the diffracted beams.  
 In contrast to 2θ direction, peak width in χ direction, which can be measured by 
2D detectors, reflects orientation of the crystals. Because each diffraction peak is 
limited to a certain direction in an ideal single crystal, peak width in χ direction is 
almost 0. Contrastively, a polycrystalline structure exhibits ring patterns diffused in χ 
direction due to the overlap between the Ewald’s sphere and the reciprocal spheres as in 
the cases of RHEED measurements. Thus, crystallinity can be estimated from the peak 
width in χ direction when a real sample is measured. The distribution of peak intensity 
derived from crystal orientation can be seen also in ω direction. Intensity curves 
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obtained by measuring a peak by changing ω are called rocking curves and full width at 
half maximum (FWHM) of them is widely used as a measure of crystallinity. 
 Reciprocal space mapping (RSM) technique enables direct observation on the 
reciprocal space cut by a plane. While diffractions occurring at different ω are 
integrated for each 2θ point in 2θ-θ measurements, intensity distributions along 2θ are 
collected separately for each ω point in RSM measurements. This situation is created by 
repeating point measurements with a fixed 1D detector. The resulting data is a map of 
diffraction intensity plotted on 2θ-ω plane, which can be converted into a map whose 
axes are reciprocal units. Using an RSM image, one can see the relationship of 
coexisting crystals such as a thin film and its substrate. 
 In this study, XRD measurements were conducted with commercial 4-axis 
diffractometers (Bruker AXS, d8 discover). Out-of-plane and in-plane lattice constants 
were calculated from peak positions of symmetric (00n; n = 1, 2, 3 and 4) and 
asymmetric (n0n; n = 1 and 2) diffractions. Mean value and standard deviation of each 
lattice constant are shown in the graphs. Temperature dependence of lattice constants 
was measured using a domed hot stage (Anton Paar, DHS 1100) evacuated by a rotary 
pump (~10 Pa).  
3.2.3 Atomic force microscopy [93–95] 
 Atomic force microscopy (AFM) is one of the techniques categorized as 
scanning probe microscopy (SPM). SPM enables microscopic observations on surface 
topography and spatial distribution of physical quantities by detecting an interaction 
between a scanning probe and a specimen. In AMF measurement, atomic force between 
the probe and the sample is used to observe microscopic surface morphology. Figure 17 
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shows the relationship between the atomic force and sample-probe distance, where the 
positive and negative values represent repulsive and attractive forces, respectively. Solid 
materials are generally measured in the region where the repulsive Van der Waals force 
dominantly works. In this region, the variation of atomic force accompanied by the 
distance change is large and the displacement of the probe is detected sensitively 
(Contact mode AFM). In contrast, soft materials are generally measured in the attractive 
force region to avoid shape change of the sample by the scanning probe (Non-contact 
mode).  
 Displacement of the probes normal to the sample surface is usually detected by 
a system using an optical cantilever. In the system, laser is projected on the cantilever 
on which the probe is attached and reflected to a photo detector. The optical path 
magnifies the displacement of the cantilever and enables atomic scale detection.  
Figure 17. Force-displacement curves. Broken lines shows the 
experimentally obtained curves with cantilevers with different elastic 
constants. Reprinted from Surface Science Reports, 34, B. Cappella et al., 
“Force-distance curves by atomic force microscopy”, 1–104, Copyright 1999, 
with permission from Elsevier. 
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 In usual AFM measurements, sample-probe distance is kept at constant by 
feedback of the sample stage using piezoelectric system during the probe scanning and 
the feedback values are mapped (Constant-force mode). Meanwhile, samples with 
atomically flat surfaces are sometimes measured in “constant height mode” where the 
feedback system is off and the displacement of the cantilever itself is mapped. 
 In this study, commercial SPM systems (SII-nanotechnology, SPI4000 with 
SPA400 and E-Sweep with NanoNaviReal) were used for AFM measurements. All the 
measurements were conducted in contact and constant force mode. 
3.2.4 Transmission electron microscopy [96–98] 
 Transmission electron microscopy (TEM) makes it possible to observe the 
inner structure of materials by using electron beam passing through them as a probe. 
The technique has a very wide range of magnification ratio, which enables observation 
in the scale from sub-nanometer to several tens micrometer. 
 Figure 18 shows a basic setting of TEM in which a sample is irradiated with 
accelerated electrons by a condenser lens and a condenser aperture, then, electrons path 
through an objective aperture, an objective lens, a diffraction lens, an intermediate 
aperture and lens and projector lenses and reach at a fluorescence screen. Each lens 
magnetically focuses electrons with a certain focal length like optical lenses. Images 
formed by the transmitted electrons are called bright field images while the scattered 
electrons are used to construct dark field images. 
 Samples must be thin enough for electrons to path through. In the case of 
cross-sectional observation on thin films, they are sliced with techniques such as ion 
milling and focused ion beam methods.  
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 Contrast in TEM images is formed in mainly three manners: Scattering contrast 
is formed by cutting the scattered electrons with the objective aperture and the intensity 
is proportional to masses of the scattering atoms. Diffraction contrast is made by 
stopping the diffracted electrons and reflects the periodic crystal structure in the sample. 
Phase contrast is formed by the interference between two of the transmitted, scattered 
and diffracted waves. The latter two contrasts are used in high resolution TEM 
measurement which provides atomic scale resolution by combined with computational 
simulations.  
 Scanning transmission electron microscopy (STEM) is a technique developed 
in these three decades. In STEM measurements, samples are irradiated with focused 
Figure 18. Inner constitution of a transmission electron microscope. 
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electron beams. This is opposite condition to TEM in which nearly parallel electron 
beams are focused after they pass through the sample. Atomic scale focusing of 
electrons has become possible by recent improvements in technique to correct spherical 
aberration and realized atomic scale observations in STEM measurements. 
 Annular detectors are used to obtain dark field images in STEM measurements. 
Especially, images using the electrons scattered to high angle are called high angle 
annular dark field (HAADF) images. Because the signal intensity is quadratic to atomic 
mass in HAADF measurements, different ionic species can be identified from each 
other. 
 In this study, TEM techniques were adopted to check the phase purity and inner 
structure of the films directly. For atomic scale measurement, STEM was also used. 
STEM technique was also applied to site selective observation on anion occupation. 
3.3 Compositional characterization 
3.3.1 Nuclear reaction analysis [99] 
 Analysis on anionic composition is one of the significant issues in the studies 
on oxynitride films because available techniques are limited. Though X-ray 
photoemission spectroscopy and energy dispersive X-ray analysis with electron beam 
are frequently used to quantize nitrogen amount in thin films, errors of these 
measurements are generally large (around 10% or more). This is partly because the 
former is too surface sensitive and the latter is affected strongly by matrix effects and 
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possible background signals from the underlying substrate. Elastic recoil detection 
analysis (ERDA) is one of the reliable methods but requires a special ion beam 
accelerator which can provide high energy beam of heavy ions like 12 MeV 127I beam 
[71]. In contrast, nuclear reaction analysis (NRA) can be conducted by using proton 
beam with as small energy as ~1 MeV in the case of nitrogen quantization. 
 In NRA, the samples are irradiated by accelerated ion beam and a detector 
counts emitted radiations caused by a nuclear reaction. The following nuclear reaction 
can be used for quantization of nitrogen atoms in films.  N15 (𝑝, 𝛼𝛼) C12  (3.8)  
The equation represents that a 15N isotope reacts with a proton and emit a α-ray and a 
γ-ray. Though the natural abundance of 15N is as small as 0.03%, the efficiency of the 
reaction can be dramatically enhanced by setting the beam energy at a resonance point.  
 In this study, NRA measurements were carried out with a 1-MV tandetron 
accelerator at Tandem Accelerator Complex, University of Tsukuba. Resonance at 898 
keV of the reaction was used and γ-rays are detected with two 3-inch Bi4Ge3O12 
scintillation counters. The total amount of nitrogen was calculated by comparison to a 
reference of TiN epitaxial thin films. Error of each data point was calculated assuming 
6% deviation in a signal due to fluctuation of ion-beam energy. The value was derived 
from the standard deviation of signals measured on TiN multiple times. 
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3.4 Characterization on optical properties 
3.4.1 Ultra violet-visible-near infrared spectroscopy 
 In optical absorption evaluations of thin film materials, it is possible to conduct 
transmission and reflection measurements, which provide absolute values of absorption. 
This is an advantage of thin films because diffuse reflection spectroscopy, generally 
used to evaluate optical absorptions of bulk specimens, is a relative quantification 
method. The following equations give the values of absorptance A and absorption 
coefficient α from the transmittance T and reflectance R.  𝐴 =  1 − 𝑇 − 𝑅1 − 𝑅  (3.9)   𝛼 = − 1𝑡 ln 𝑇1 − 𝑅 (3.10)  
where t is film thickness. Note that these equations are approximated expressions 
ignoring the contributions of multiple reflections. 
 In this study absorption spectra were measured in the region of Ultra 
violet-visible-near infrared (UV-Vis-NIR) light. 
3.4.2 Ellipsometry [100,101] 
 Ellipsometry is a powerful technique to examine optical constants and fine 
structures of thin film materials or sample surfaces. In the measurement, the samples are 
irradiated with polarized light and the reflected light is analyzed. Because the analysis 
process is dependent not on amplitude but only on polarization angle of the reflected 
light, ellipsometry provides high accuracy. 
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 A basic setup of ellipsometry is composed of a light source, a polarizer, a 
sample, an analyzer and a photo-detector in this order. A compensator is inserted 
between the polarizer and the sample when circularly polarized light is used. In actual 
measurement, some configurations are possible including rotating analyzer ellipsometry, 
rotating polarizer ellipsometry, rotating compensator ellipsometry, etc.  
 Light polarization can be dissolved into s and p wave components, which 
possess electric field vertical and parallel to the incident plane, respectively. Because 
reflection on a sample surface causes phase shift and amplitude reduction depending on 
the polarized directions of the incident light, the reflected light is generally ellipsoidally 
polarized. Polarization ρ of the reflected light can be represented with two parameters ψ 
and Δ. 
 𝜌 = 𝑅𝑝𝑅𝑠 = tan 𝜓 exp(𝑖𝑖) (3.11)  
where Rs and Rp are the reflectance for s and p waves, respectively. 
When light goes from medium 1 to medium 2, amplitude reflectance for each 
polarization can be written by the following equations (Fresnel equations). 
 𝑟𝑠 = 𝑁2 cos 𝜃2 − 𝑁1 cos 𝜃1𝑁2 cos 𝜃2 + 𝑁1 cos 𝜃1 (3.12)   𝑟𝑝 = 𝑁1 cos 𝜃2 − 𝑁2 cos 𝜃1𝑁1 cos 𝜃2 + 𝑁2 cos 𝜃1 (3.13)  
where Nx is the complex refractive index of medium x and θ1 and θ2 are the incident and 
refraction angles, respectively. Refraction angle is determined by the following equation 
(Snell’s law).  𝑁1 sin 𝜃1 = 𝑁2 sin 𝜃2 (3.14)  
Because the reflectance is given by 𝑅𝑠 = |𝑟𝑠|2 and 𝑅𝑝 = �𝑟𝑝�2, the polarization ρ is a 
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function of the optical coefficients n and k of each medium, which compose complex 
refractive index by the relation 𝑁 = 𝑛 + 𝑖𝑘. The component k is called extinction 
coefficient. 
 At a special incident angle 𝜙𝐵, so-called Brewster’s angle, Δ shows sharp drop 
from 180° to 0° via 90° and ρ reaches its maximum. At the angle, the following 
relationship is satisfied. 
 tan 𝜙𝐵 = 𝑛2𝑛1 (3.15)  
Ellipsometry measurements are usually conducted at some points of incident angles 
around Brewster’s angle because the measurement can be conducted with the best 
accuracy at 𝜙𝐵. 
 If a sample is composed of several layers as is the case of a film material grown 
on a substrate, multiple reflections occur at the surface and interfaces. Multiple 
reflections depend on the optical coefficients and thickness of each layer. Thus, the 
analysis process in ellipsometry uses optical coefficients and thicknesses as fitting 
parameters. 
 Absorption coefficient α can be calculated from the extinction coefficient k 
with the following equation.  𝛼 = 4𝜋𝑘𝑛  (3.16)  
where λ is the wavelength of the light. 
 In this study, a commercial spectroscopic ellipsometer (J.A. Woollam, 
M-2000U) was used in ellipsometry measurements. 
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3.5 Characterization on electrical properties 
3.5.1 Piezoresponse force microscopy [102–104] 
 Piezoresponse force microscopy (PFM) is equally a SPM technique as AFM. 
The technique makes it possible to observe a ferroelectric domain structure. In a single 
domain, direction of spontaneous polarization is three-dimensionally homogeneous. 
Contrastively to the domain observation by polarized-light microscope in micrometer 
scale, PFM is a nanometer-scale observation.  
 Non-centrosymmetric crystals including ferroelectrics exhibit displacement 
when an external electrical bias is applied (inverse piezoelectric effect). In PFM 
measurement, an AC bias is applied between a conductive scanning tip and a sample 
and the sample vibration caused by the inverse piezoelectric effect is detected by the tip. 
Two detection modes are available in PFM: vertical PFM (VPFM) and lateral PFM 
(LPFM). While displacements in vertical (normal to surface) direction are examined in 
VPFM mode, LPFM detects lateral vibrations. Thus, VPFM and LPFM are used to 
observe out-of-plane and in-plane components of polarizations, respectively. 
 Amplitude A of piezoresponse depends on the piezoelectric coefficient of the 
sample. On the other hand, the directions of the polarizations determine the phase shift θ 
of the piezoelectric vibration from the applied AC bias oscillation. In VPFM mode, an 
upward polarization causes 180° shift while a downward one causes an in-phase 
vibration (Fig. 19). Thus, the distribution of the spontaneous polarizations can be 
visualized by mapping the piezoesponse.  
 As for samples with a low piezoelectric constant, enhancement of signal by 
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resonance is useful. Depending on the stiffness constant of the cantilevers and the 
elastic constant of the sample, the piezoelectric vibration undergoes a resonance at a 
certain frequency of the applied AC field. In resonance mode PFM, the piezoresponse 
signals are sometimes affected by the surface morphology because the resonance 
frequency is sensitive to the sample-probe distance. One way to distinguish real 
piezoresponse signals from the crosstalk of the surface morphology is to check 
inversion of the phase between the two frequencies slightly lower and higher than the 
resonant point. 
 Ferroelectric behaviors can be tested by scanning the tip with applying DC bias 
over the coercive value of the sample. Following PFM observation shows an artificial 
single domain in the scanned area if the material is ferroelectric. It is also possible to 
observe ferroelectric hysteresis loops at a very local point with switching spectroscopy 
PFM (SS-PFM). SSPFM detects the piezoresponse of the remanent polarization as a 
Figure 19. Relationship among AC bias, bias induced displacement and PFM 
signal. Phase shift in PFM signal is 180°in the case spontaneous 
polarization directs upward while downward polarization causes in-phase 
oscillation. 
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function of the amplitude of the preceding switching DC voltage pulse.  
 In this study, PFM measurements were conducted using a commercial scanning 
probe microscope system (SII-nanotechnology, E-Sweep with NanoNaviReal) with a 
homemade PFM system composed of a function generator (NF corporation, 1930A) and 
a lock-in amplifier (EG&G, 7260). A Rh-coated silicon cantilever (SII-nanotechnology, 
SI-DF3-R(100) with stiffness of 1.1 N/m and a resonance frequency of 25 kHz in air) 
was employed for the measurements. 
3.5.2 Impedance measurement [105] 
 Any electrical systems can be depicted by equivalent circuits composed of 
resistances, capacitors and inductors. Impedance measurement with an AC electric field 
is widely applied to measure the components. When a simple solid material without 
device structure is considered, inner inductances are generally negligible and a parallel 
or series circuit of a resistance and a capacitor is applicable as an equivalent circuit.  
 In insulators, whose resistance is high, contribution of capacitance is large in 
the response to electric fields and they can be used as dielectric materials which can 
store the energy of applied fields. However, an ideal capacitor does not exist in the real 
world and any insulators have resistance components, which cause energy loss. Thus, a 
dielectric material has two quality factors: the ability to store the energy of applied 
electric fields and the insulating property. The former is described with the dielectric 
constants ε′, while a measure to represent the latter factor is dissipation factor D. 
 Impedance is defined as a complex quantity to impede AC current flow and all 
the three components of electrical circuit can be converted into impedance forms. 
Resistance R is the real part of impedance and capacitance C and inductance L compose 
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the imaginary part called reactance X as follows. 
 𝑋𝐶 = − 12𝜋𝑓𝐶  (3.17)   𝑋𝐿 = 2𝜋𝑓𝐿 (3.18)  
where f is the frequency of the AC field. XC and XL are called capacitive and inductive 
reactance, respectively. 
 When a parallel circuit of a resistance R and a reactance X is considered, the 
total impedance Z can be represented as following. 
 𝑍 = 𝑖𝑅𝑋𝑅 + 𝑖𝑋 = 𝑅𝑋2𝑅2 + 𝑋2 + 𝑖 𝑅2𝑋𝑅2 + 𝑋2 (3.19)  
The impedance of a series circuit is as following.  𝑍 = 𝑅 + 𝑖𝑋 (3.20)  
Dissipation factor D is defined as the ratio of the real to imaginary parts of the total 
impedance and results in the following value in both of the parallel and series circuits.  𝐷 = 𝑅𝑋 (3.21)  
The smaller D value is, the closer the circuit is to an ideal capacitor or inductor. The 
value is called also as tan δ because it is tangent of vector angle δ of the impedance 
vector in a complex plane. 
 In impedance measurements, the real and imaginary impedances are measured 
and converted into the resistance and reactance components under an assumed 
equivalent circuit. Calculated values have the following relationships.  𝑅𝑝 = 𝑅𝑠(1 + 1/𝐷2) (3.22)   𝑋𝑠 = 𝑋𝑝(1 + 𝐷2) (3.23)  
where Rp and Rs are the resistances calculated based on the parallel and series models, 
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respectively, and, Xp and Xs are the reactances calculated based on the parallel and series 
models, respectively. For relatively conductive samples with high D, the choice of 
equivalent circuit has a significant influence on the evaluation of reactance but does not 
affect the value of resistance so much. For good insulators with low D, the situation is 
opposite. 
 Dielectric constant can be calculated from the measured capacitance with the 
following relationship. 
 𝜀′ = 𝐶𝑑𝜀0𝑆  (3.24)  
where 𝜀0, d, S represent the vacuum permittivity, distance between electrodes and 
measured area, respectively.  
 Each impedance component in a material generally has frequency dependence 
and the values in a frequency range used in a supposed application are important. Thus, 
impedance measurements are usually carried out in a certain range of frequency. 
 There are some methods to measure impedance and an appropriate one must be 
chosen based on the frequency range and the sample quality. In this study, impedance 
measurements were conducted with auto-balancing bridge method using a commercial 
LCR meter (Agilent, E4980). This technique allows a precise measurement in a wide 
frequency range. Figure 20 shows a basic setup of auto-balancing bridge method in 
which the sample current is converted into voltage and measured with a high accuracy. 
In the method, impedance is derived from the following equation. 
 Z = 𝐸𝑙𝑙𝑙𝐸ℎ𝑖𝑖ℎ ⋅ 1𝑅𝑟 (3.25)  
where 𝐸𝑙𝑙𝑙 and 𝐸ℎ𝑖𝑖ℎ are the voltages measured at the high and low end terminals, 
respectively, and Rr is the reference resistance.  
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 Terminal configuration is an important factor because it determines parasitic 
components in the circuit. Some measurement configurations have been developed and 
we must choose an appropriate way considering the sample impedance and ease of 
operation. 
 2-probe method is the simplest way but easily affected by the stray 
capacitances between the cables and the series impedances of them. 3-probe method 
enables to cancel the stray capacitances off by using coaxial cables whose shield 
conductors are connected to the guard terminals of the equipment. One can measure 
high impedance accurately with this method. 4- and 5-probe methods make it possible 
to expand the measurement range down to low impedance though their setups are 
somehow complicated. 
 In this study, 3-probe method was adopted because of the relatively high 
impedance of the samples. The samples were attached with top electrodes of platinum 
deposited by sputtering. Conductive Nb-doped SrTiO3 substrates were used as bottom 
electrodes. A cryogen-free micro-manipulated probe station (Lake Shore, CRX-4K) was 
Figure 20. Inner circuit of an auto-balancing bridge. 
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used for temperature control. 
3.5.3 Conductivity measurement [106] 
 In conductivity measurements on low resistive samples, DC bias is used for 
probing in order to focus on the resistance component. In a simple 2-probe terminal 
configuration, the series resistances of the wires, electrodes and interfaces suffer the 
accuracy of the measurement if the sum of them is comparable to the resistance of the 
samples. Thus, 4-probe method is generally used to avoid an unexpected voltage drop 
by the parasitic resistances (see Fig. 21). 
 Hall measurement technique is useful to evaluate the polarity and density of 
electrical carriers. Figure 21 schematically shows a basic setup of Hall measurement. 
Here, an external bias (Vx, 0, 0) is applied along x axis and a magnetic field (0, 0, Bz) is 
applied vertically to the sample surface. The magnetic field causes Lorentz force to y 
Figure 21. Setup of Hall effect measurement on a patterned sample. 
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direction on the carriers. In the steady state, the Lorentz force is canceled with the 
electric field caused by the gradation of carrier density in y direction. This electric field 
is called Hall field Ey and the situation can be described by the following equation. 
 𝐸𝑦𝑗𝑥𝐵𝑧 = 1𝑛𝑛 (3.26)  
where jx, n and q are the current density in x direction, carrier density and charge of each 
carrier, respectively. By using the relationship 𝐼𝑥 = 𝑗𝑥𝑙𝑡 (in which Ix is the current in x 
direction and w and t represent the width and thickness of sample) and definition of Hall 
coefficient 𝑅𝐻 = 𝐸𝑦/𝑗𝑥𝐵𝑧, the following equation is derived.   𝑉𝐻 = 𝑅𝐻 𝐼𝑥𝐵𝑧𝑡  (3.27)  
where VH is the voltage in y direction called Hall voltage. Thus, the carrier density can 
be calculated from the gradient of VH vs Bz plot. The sign of RH reflects the polarity of 
the carriers, that is, negative and positive values mean domination by electron and hall 
carriers, respectively. 
 Once the carrier density is obtained in Hall measurement, Hall mobility μ can 
be calculated from the following relationship. 
 𝜎 = 1𝜌 = 𝜇𝑛𝑛 (3.28)  
where σ and ρ are the conductivity and resistivity, respectively. 
 In this study, conductivity measurements were carried out on the films 
patterned in the shape shown in Figure 21 with masks. Control of sample circumstances 
was done by a Physical Property Measurement System (PPMS, Quantum Design). 
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3.6 Characterization on anion arrangement 
3.6.1 Polarized X-ray absorption spectroscopy [107–109] 
 X-ray absorption spectroscopy (XAS) is an analysis method on electronic 
states and local structures of materials. When a sample is irradiated with X-ray, the 
X-ray is absorbed if it has energy enough to excite electrons from inner core to 
unoccupied states or out of the binding potential. XAS spectra can be categorized into 
the two regions: X-ray absorption near edge spectra (XANES) and extended X-ray fine 
structure (EXAFS) regions. The former is the region lower than about 50 eV from the 
edge and has fine structure reflecting the excitation process from an inner core to 
unoccupied density of states (DOS) around Fermi energy. The latter occurs when 
electrons are emitted from the observed atoms and scattered by the surrounding atoms. 
XANES is applicable to investigate electronic states of the target atoms including the 
symmetry and valence, while EXAFS is sensitive to the surrounding environments such 
as the bond length and the kind of the coordinating species. 
 There are several detection ways of XAS signals including transmission, total 
electron yield (TEY) and total fluorescence yield (TFY) methods. Transmission method 
is the most basic though being not suitable for measurement using soft X-ray with 
energies less than 3.5 keV. TEY method detects the current flow from ground to the 
sample accompanied by the emission of electrons and is sensitive to surface region. 
TFY method is bulk sensitive and detects the emitted photon caused by fluorescence 
when the excited electrons get back to the opened inner core level. 
 XAS spectra do not always reflect unoccupied DOS due to the dipole selection 
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rule of excitation. For example, K core electrons of oxygen are allowed to be excited 
only to the states with p characteristics in order to keep the angular momentum. The rule 
raises polarization dependence of X-ray absorption. In the case of thin film specimens 
with (pseudo-)cubic perovskite oxide with [100] orientation, axial and equatorial anion 
sites bonded to B-site cations exist in the directions vertical and parallel to the surface, 
respectively. In the excitation from O1s to t2g orbital of B cation, polarized light in the 
out-of-plane direction is absorbed only by the oxygen ions in the equatorial site while 
the axial site oxygen ions absorb light polarized in the in-plane direction because they 
hybridize in π-bonding/antibonding manner. The situation is opposite in the excitation 
process from O1s to eg states because of the σ bonding/antibonding hybridization. 
In this study, site occupancy of oxygen and nitrogen ions was investigated using the 
polarization dependence of X-ray absorption. Figure 22 show the setting of the 
measurement. The samples were tilted at 75° to the incident plane of X-ray and 
irradiated with vertically and horizontally polarized X-ray. The former has 100% 
Figure 22. Setup of polarized XAS measurement used in this study. 
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polarization in the in-plane direction of the samples while the latter is composed of 21% 
of in-plane polarized light and 79% of out-of-plane one. Linear dichroism of K-edge 
spectra was used to estimate the differences in site occupancy of nitrogen and oxygen. 
The measurement was performed on beamline BL-27SU of Spring-8. 
3.6.2 Electron energy loss spectroscopy combined with scanning 
transmission electron microscope [110,111] 
 Electron energy loss spectroscopy (EELS) is frequently used for composition 
analysis. Samples are irradiated with electron beam and the energy loss caused by the 
excitation of inner core electrons is measure in spectroscopic manner. Because the 
energy loss is dependent on the kind of element, EELS can determine the composition 
of a particular region of samples by combining electron microscope. Differently from 
energy dispersive X-ray analysis, in which electron beams are used as well, EELS 
measurement has sensitivity to light elements including oxygen and nitrogen. 
 In this study, EELS was measured combined with HAADF-STEM in a 
site-selective way to investigate the site occupancy of nitrogen and oxygen at axial and 
equatorial sites in a perovskite oxynitride thin film.  
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Chapter 4 
Epitaxial growth of perovskite oxynitrides* 
4.1 Introduction 
 In this chapter, I demonstrate epitaxial growth of perovskite oxynitrides by the 
technique of nitrogen plasma assisted pulsed laser deposition (NPA-PLD). I optimized 
the growth condition of SrTaO2N (a = 4.03 Å in a pseudo-cubic approximation [11]) 
epitaxial thin films through a series of investigations on nitrogen content and crystal 
structure of the films prepared by changing growth parameters. The technique was 
furthermore extended to epitaxial growth of another perovskite oxynitride, CaTaO2N (a 
= 3.9477 Å in a pseudo-cubic approximation [11]). The quality of the obtained thin 
films was examined by dielectric capacitance measurements. 
 
 
                                                 
* This chapter contains the contents of the following publications. 
1) D. Oka, Y. Hirose, T. Fukumura, and T. Hasegawa, Cryst. Growth Des. 14, 87 (2013). 
2) D. Oka, Y. Hirose, H. Kamisaka, T. Fukumura, K. Sasa, S. Ishii, H. Matsuzaki, Y. 
Sato, Y. Ikuhara, and T. Hasegawa, Sci. Rep. 4, 4987 (2014). 
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4.2 Method 
 SrTaO3−xNx thin films were prepared on the (100) plane of SrTiO3 (STO) and 
Nb(0.5 wt%)-doped SrTiO3 (NSTO) (a = 3.905 Å) single crystalline substrates with 
atomically flat surface (Shinkosha Co., Ltd.) by NPA-PLD using a KrF excimer laser (λ 
= 248 nm). A Sr2Ta2O7 ceramic pellet was used as a target, which was prepared by a 
conventional solid-state reaction of Ta2O5 and SrCO3 [112]. Nitrogen gas was activated 
by an electron cyclotron resonance (ECR) plasma source (Tectra, Gen2). The partial 
pressure of nitrogen gas (PN2) was varied from ~1.00 × 10−7 to 1.00 × 10−4 Torr, and the 
substrate temperature (TS) was set in a range from 500 to 800 °C. The film growth rate r 
was controlled by the laser repetition rate (0.3–20 Hz) and pulse energy (4–20 mJ). In 
the dielectric capacitance measurements, SrTaO2N films deposited on conductive NSTO 
substrates were used after the following two-step heat treatments for suppressing the 
leakage current: (1) annealing at 500 °C for 30 h under a gas mixture of nitrogen (PN2 = 
1.00 × 10−5 Torr, activated by ECR) and oxygen (partial pressure of 2.00 × 10−5 Torr) 
and (2) annealing at 320 °C for ~500 h in air. The resultant changes in nitrogen content 
and lattice parameters produced by these treatments were negligible within the detection 
limits of nuclear reaction analysis (NRA) and X-ray diffraction (XRD), respectively.  
 CaTaO2N epitaxial thin films were also grown on (100) planes of STO 
substrates by NPA-PLD method. A Ca2Ta2O7 ceramic pellet was used as a target, which 
was obtained by sintering Ca2Ta2O7 powder at 1400 °C for 50 h. The Ca2Ta2O7 powder 
was synthesized by conventional solid phase reaction of a stoichiometric mixture of 
Ta2O5 and CaCO3 in an alumina crucible: The reaction was first conducted at 800 °C for 
24 h and successively heated at 1000 °C for 24 h, and 1200 °C for 50 h. TS and PN2 were 
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set at 800 °C and 1.0 × 10−5 Torr, respectively. N2 gas was activated into radicals by a 
radio frequency (RF) plasma source (SVT Associates, Model 4.5”) with input power of 
250 W. The plasma source was equipped with a parallel plate capacitor (ion deflector) to 
remove ionic species from the plasma. The same KrF excimer laser as used in synthesis 
of the SrTaO2N films was operated at an energy density of 0.4 J cm−1 shot−1 and a 
repetition rate of 20 Hz. Typical deposition rate was 10–20 nm/h. The growth mode of 
the thin films was monitored in situ by reflection high energy electron diffraction 
(RHEED). Dielectric capacitance measurement was conducted on the films grown on 
NSTO substrates as in the case of the SrTaO2N films. To suppress leakage current, the 
as-grown CaTaO2N thin films were further annealed at 500 °C for 30 h under a mixture 
of nitrogen (PN2 = 1.0 × 10−5 Torr, activated by the RF plasma source) and oxygen 
(partial pressure of 2.0 × 10−5 Torr) gas before the measurements. 
 The nitrogen content of the films was determined by NRA. Rutherford 
backscattering spectroscopy (RBS) was conducted on a representative thin film of 
SrTaO2N to check cation stoichiometry. A 4He beam accelerated to 2 MeV was 
employed for the measurements. The incident and backscattering angles were set to 0° 
and 160°, respectively. The oxygen content was calculated from the nitrogen content by 
assuming charge neutrality. Crystal structures of the thin films were evaluated by XRD. 
Microstructure of the thin films was investigated by transmission electron microscopy 
(TEM) (JEOL Ltd., JEM-2010HC, 200 kV and Hitachi, H-9000NAR, 300 kV for 
SrTaO2N and CaTaO2N, respectively). Observation of scanning transmission electron 
microscopy-high angle annular dark field (STEM-HAADF) image was conducted on 
the SrTaO2N epitaxial thin film for investigation on lattice structure in atomic scale with 
an aberration-corrected scanning transmission electron micrometer (JEOL Ltd., 
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JEM-2100F). Surface morphology of the thin films was characterized with an atomic 
force microscope (AFM). Impedance measurements were conducted in the capacitor 
configuration of Pt/oxynitride/NSTO.  
4.3 Results and discussion 
4.3.1 Preparation of SrTaO3−xNx epitaxial thin films 
 In this thesis, the chemical composition of the Sr-Ta based films was expressed 
as SrTaO3−xNx despite the possible deviation of the total anion content in the formula 
unit from 3. This is because the perovskite structure was maintained over a wide range 
of x values (see Fig. 25). 
 The dependence of the nitrogen content x in the SrTaO3−xNx films on the 
growth parameters was investigated by NRA. As shown in Fig. 23a, x was highly 
sensitive to PN2 and reached a maximum at PN2 = 1.0 × 10−5 Torr, where the largest 
concentration of N radicals would be supplied. N radicals were deactivated at higher 
PN2, which is likely due to recombination in the electron cyclotron resonance plasma 
source and chamber. The nitrogen content increased from 0 linearly up to ~1.2 with 
respect to the inverse of deposition rate r (Fig. 23b). This result is reasonable as the 
supply rates of the other elements (Sr, Ta, and O) from the target were proportional to 
the deposition rate. This rate was determined by the pulse energy and repetition rate of 
the excimer laser, while the supply of N radicals was held constant. Meanwhile, x was 
almost independent of TS (Fig. 23c), implying that the growth temperature used in this 
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Figure 23. Dependence of nitrogen content on (a) partial pressure of nitrogen 
PN2 (substrate temperature TS = 800 ºC, deposition rate r ~ 0.04 h/nm), (b) r 
(PN2 = 10−5
 
Torr, TS = 800 ºC), and (c) TS (PN2 = 10−5
 
Torr, r ~ 0.04 h/nm). 
Figure 24. RBS spectrum of the SrTaO
2
N thin film. 
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study was too low to activate N2 molecules. 
 Figure 24 shows a 4He-RBS spectrum of a film whose nitrogen content x was 
evaluated as almost unity. The solid lines are the result of fitting performed with 
SIMNRA software [113]. The Sr/Ta ratio determined by the fitting was 0.98, with an 
error of less than 5% and cation stoichiometry was confirmed. The anion contents 
obtained by the fitting are unreliable due to their small cross sections. 
 Figure 25 shows the 2θ-θ XRD patterns of the SrTaO3−xNx films with different 
nitrogen content x. All of the diffraction peaks from the films are assignable to the 
perovskite structure of SrTaO3−xNx. The result indicated that pure perovskite SrTaO3−xNx 
films grew epitaxially on the STO substrates despite the wide variation in nitrogen 
content x with exceptions at x is equal to 0 and over 1. In the XRD pattern of the film 
without nitrogen (x = 0), diffraction from the (101)-oriented perovskite structure was 
sometimes observed. Although the detailed growth mechanism is unclear, a 
cation-deficient perovskite structure may be grown epitaxially. In contrast, tantalum 
nitride was sometimes observed in the films when an excess of nitrogen was present, 
causing electrical conductance. 
 The tetragonal lattice parameters, a and c, and the unit cell volume, V, of the 
SrTaO3−xNx thin films monotonically increased with increasing x (Fig. 26). Near the 
stoichiometric composition [x = 1.02(6)], I observed a V of 65.385 Å3, agreeing well 
with the reported lattice volume of bulk SrTaO2N (65.478 Å3). The cation stoichiometry 
of this film was confirmed by RBS. In addition, I confirmed the bandgap energy of 2.27 
eV (Fig. 27) determined from a plot of (αhν)2 versus hν, which agreed well with a 
previously reported value (2.3 eV) [11]. I hereafter refer to SrTaO3−xNx thin films with 
nitrogen compositions of x = 1.00 ± 0.06 as SrTaO2N and will discuss the crystal 
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Figure 25. 2θ-θ XRD patterns of the SrTaO3−xNx thin films for nitrogen content 
x = 0, 0.34, 0.66, and 1.06. 
Figure 26. (a) In-plane (circles) and out-of-plane (triangles) lattice constants 
of the SrTaO3−xNx thin films as a function of nitrogen content, x. (b) Lattice 
volume calculated from (a). The dashed line shows the lattice volume of bulk 
SrTaO2N [11]. The inset shows a RSM of the 103 diffraction of the SrTaO2N 
thin film and STO substrate. The dotted lines represent the lattice constant of 
bulk SrTaO2N [11]. 
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Figure 27. Absorption coefficients of SrTaO2N epitaxial thin film. The left inset 
is a Tauc plot. The right inset is a photograph of a patterned SrTaO2N thin film 
grown on a SrTiO3 substrate. 
Figure 28. (a) Low-magnification cross-sectional TEM and (b) 
High-magnification HAADF-STEM image of the SrTaO2N film thin film. 
87 
 
structure and physical properties of the stoichiometric SrTaO2N films. 
 Investigating the microstructure of the SrTaO2N films using transmission 
electron microscopy (TEM; Fig. 28a) and high-angle annular dark field scanning TEM 
(HAADF-STEM; Fig. 28b), I found a sharp film/substrate interface and a uniform 
perovskite lattice structure with no segregation. Using XRD, I investigated the 
tetragonal lattice distortions of the SrTaO2N thin films. Despite the partially relaxed 
lattice of the thin films (the representative reciprocal space map shown in the inset of 
Fig. 26b), the tetragonal distortion ratio of c/a reached 1.026 (a = 3.98 Å; c = 4.08 Å) at 
a film thickness of 20 nm. The c/a ratio decreased with increasing film thickness, 
becoming nearly constant (~1.013) in the films thicker than 100 nm. These results 
indicate that the SrTaO2N epitaxial thin films were highly strained and distorted, 
especially near the film/substrate interface, compared with bulk SrTaO2N (c/a = 1.002 
[11]). I also confirmed that SrTaO2N epitaxial thin films were perfectly relaxed (c/a = 
1.002) on (LaAlO3)0.3(Sr2AlTaO6)0.7 substrate (a = 3.868 Å) with larger lattice mismatch 
(−4.0%) than STO. 
 A streaky diffraction pattern was observed in RHEED measurement after 
complete of deposition with the optimized condition, though oscillation of the peak 
intensity was not seen during the deposition, indicating that the SrTaO2N thin films 
grew in island growth mode. In fact, an AFM image showed formation of square shaped 
grains on the surface (see Fig. 38). The relatively flat surface on each grain was 
consistent with the streak pattern in RHEED. It is plausibly due to the large mismatch 
between SrTaO2N and STO that the films did not grew in layer-by-layer growth mode 
despite the relatively high growth temperature. 
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4.3.2 Preparation of CaTaO2N epitaxial thin films 
 Next, I attempted to apply the NPA-PLD method for growth of another 
perovskite oxynitride, CaTaO2N, in order to examine the versatility of the technique. As 
mentioned above, the film growth was performed just by changing the composition of 
target material and some variable parameters slightly. 
 Figure 29a shows RHEED intensity oscillation during the deposition. Clear 
oscillation continued for at least 15 cycles, indicating layer-by-layer growth of the 
epitaxial CaTaO2N thin films contrastively to the case in the SrTaO2N epitaxial thin 
films. The streak-shaped diffraction pattern was still observed after the deposition (Fig. 
29b), assuring good crystallinity and flat surface of the films. As shown in the AFM 
images (Fig. 30), the surface of the CaTaO2N thin films was indeed atomically flat with 
a step-and-terrace structure, though small islands were recognizable in the wide-scan 
image. The RMS roughness evaluated from Figure 30a was 0.14 nm, which is much less 
Figure 29. (a) RHEED intensity oscillation during the deposition of CaTaO2N 
thin film on STO substrate. (b) RHEED pattern of CaTaO2N thin film after 
deposition. 
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than that of the SrTaO2N thin film (2.0 nm). The step height calculated from the 
cross-section (Figure 30c) was ∼0.4 nm, corresponding very well to the length of a 
CaTaO2N pseudo-cubic unit cell. As far as I know, this is the first report of 
layer-by-layer growth of a perovskite oxynitride thin film with atomically flat surface. 
The chemical composition of the CaTaO2N thin films was determined as 
CaTaO1.94(11)N1.04(7), which is essentially stoichiometric within experimental error.  
 Figure 31 shows the typical 2θ-θ profile of a CaTaO2N film grown on a 
Nb-doped STO (001) substrate. Only the 00h diffractions of perovskite CaTaO2N were 
Figure 30. (a, b) AFM images of CaTaO2N epitaxial thin film on Nb-doped 
STO substrate at different length scales. (c) Line profile along the white line in 
(b). 
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Figure 31. (a) XRD θ−2θ profile of CaTaO2N epitaxial thin film on Nb-doped 
STO substrate. Inset shows the fringe pattern around the 001 diffraction. (b) 
XRD RSM around the 103 diffractions of CaTaO2N epitaxial thin film and 
Nb-doped STO. 
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observed, with no impurity peaks. Asymmetric reflection measurements of h0h 
diffractions also confirmed the growth of phase-pure perovskite CaTaO2N (data not 
shown). The fringe pattern around the 001 diffraction in the high-resolution 2θ-θ profile 
(inset of Figure 31a) reveals a sharp interface between the films and substrates. The full 
width at half-maximum (FWHM) value of the rocking curve of the 001 diffraction was 
0.02°, which demonstrates the high crystallinity of the films. In order to investigate the 
epitaxial strain on the CaTaO2N films in more detail, XRD-RSM was measured around 
the 103 diffraction. The obtained RSM image shows tetragonal distortion of the 
CaTaO2N films caused by the compressive strain from the STO substrate (Fig. 29b). 
The lattice parameters of the CaTaO2N films, evaluated from the RSM, were a = 3.905 
Å and c = 3.99 Å. Note that the in-plane lattice constant was perfectly locked to the 
STO substrate; that is, the CaTaO2N films were coherently grown on STO. The c-axis 
length is much longer than the values deduced from lattice constants of bulk CaTaO2N 
(a/√2 = 3.97320 Å, b/2 = 3.94655 Å, c/√2 = 3.92358 Å [11]), which also validates 
the epitaxial stress from the substrates.  
 This is in sharp contrast to the SrTaO2N epitaxial thin films (a = 4.03 Å in a 
pseudo-cubic approximation, −3.1% mismatch), which was partially relaxed from the 
STO substrate. Similar lattice relaxation was also reported in BaTaO2N epitaxial thin 
films (a = 4.113 Å) grown on SrRuO3-buffered STO substrate (a = 3.95 Å in a 
pseudo-cubic approximation, −4.1% mismatch) [61]. Thus, the coherent growth and 
resultant flat surface and high crystallinity appear to be related to the smaller lattice 
mismatch (−1.1%) between CaTaO2N and STO. I did not find any significant difference 
in surface morphology and crystal structure between the films grown on STO and 
Nb-doped STO.  
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 The crystal growth manner and microscopic structure of the CaTaO2N thin 
films were cross-checked with cross-sectional TEM observations. The obtained TEM 
images (Figure 32) clearly exhibit sharp film/substrate interface and coherent growth of 
the CaTaO2N films without segregation of any secondary phases.  
Figure 32. (a) Cross-sectional TEM image of CaTaO2N epitaxial thin film on 
Nb-doped STO substrate. (b) Magnified image of the film/substrate interface. 
Figure 33. Spectral absorption coefficients of CaTaO2N epitaxial thin films on 
STO substrate calculated from optical extinction coefficients measured by 
spectroscopic ellipsometry. Inset shows the (α hν)1/2 vs hν plots to determine 
the optical band gaps. Blue dashed line in the inset is the results of linear 
fitting. 
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 Optical properties of the CaTaO2N thin films were investigated by 
spectroscopic ellipsometry. Figure 33 shows absorption spectra of the as-grown and 
annealed CaTaO2N thin films, where the absorption coefficient α was calculated from 
the optical extinction coefficient k using the equation (3.16). Although the detailed band 
structure of CaTaO2N has not been reported so far, good linear relations of the (αhν)1/2 
vs hν plots suggest that the absorption mechanism of our thin films is indirect transition 
(inset of Figure 33). The bandgap was determined as ∼2.5 eV, which is in good 
agreement with the reported value of bulk specimen (2.4 eV) [11]. Notably, the bandgap 
value did not change at all after the annealing process to suppress leakage current, 
which ensures the nitrogen content was conserved.  
4.3.3 Impedance measurement on SrTaO2N and CaTaO2N 
epitaxial thin films 
 I conducted impedance measurements on the SrTaO2N and CaTaO2N epitaxial 
thin films obtained with NPA-PLD to judge whether the quality of the films are high 
enough for reliable electrical measurement. As mentioned above, the films were 
subjected to the post-annealing treatments. Because the treatment caused increase in 
insulating property (resistance) without change in other film properties including crystal 
structure, nitrogen amount and optical absorption edge, I speculate that the process 
filled oxygen vacancies generated under the reductive growth conditions. 
 Figure 34 shows dielectric constant ε′ and dielectric loss tan δ of the SrTaO2N 
epitaxial thin film with thickness of 288 nm measured at different temperatures and 
frequencies. The value of tan δ was less than 0.05 in almost all temperature and 
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frequency range examined here, which indicates that the film had good insulating 
property and the measurements were conducted under a reliable condition with low 
influence of leakage current. Furthermore the value of ε′ was approximately 2000, 
which is comparable to the reported value on bulk samples [11].  This is highly 
contrastive to the case of the previously reported BaTaO2N epitaxial thin films, which 
showed one order of magnitude lower dielectric constant value than bulk samples [61]. 
One possible explanation for the difference is that the BaTaO2N epitaxial thin film did 
not possess stoichiometric composition because no composition analysis was done in 
the report.  
 As for temperature dependence of ε′, I found no significant signs of 
ferroelectric–paraelectric phase transitions up to 600 K, at which the sample began to be 
oxidized, as confirmed by XRD (data not shown). However, ε′ exhibited positive dε′/dT, 
Figure 34. The dielectric constants and tanδ of the SrTaO2N film (thickness = 
288 nm) measured at 20 Hz, 100 Hz, 1 kHz, and 10 kHz as a function of 
temperature 
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which is an opposite behavior to paraelectric materials including bulk SrTaO2N 
specimens and a common characteristic with conventional ferroelectric materials. This 
inconsistency between the films and bulk samples suggests that polarization properties 
differ between them, which will be discussed in more detail in the next chapter. 
 As for CaTaO2N, it was suggested that the dielectric constant (ε′ ≈ 30) is much 
smaller than those of SrTaO2N or BaTaO2N (ε′ > 2000) in the previous study on bulk 
specimens. However, the small dielectric constant of CaTaO2N was not very conclusive, 
because it was difficult to separate the bulk and grain boundary components of ε′ in the 
impedance measurements. The effect of grain boundary should be negligible in the 
measurements on the epitaxial thin film. Figure 35 shows frequency dependence of ε′ 
and tan δ of the CaTaO2N epitaxial thin film. The observed tan δ < 0.01, is rather low 
compared with the previously reported values for perovskite oxynitrides 
Figure 35. Frequency dependence of dielectric constant (ε′) (red circle) and 
tan δ (blue triangle) of the annealed CaTaO2N epitaxial thin film on Nb-doped 
STO substrate. 
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[11,16,34,35,61]. The lower tan δ value than that of the SrTaO2N epitaxial thin film 
plausibly reflects the higher crystallinity due to the better lattice matching to NSTO 
substrate. Dielectric constant ε′ of the CaTaO2N thin film was approximately 12, almost 
independent of frequency between 1 kHz and 100 kHz. This value is comparable to that 
of bulk CaTaO2N (ε′ ≈ 30), suggesting that the small ε′ is intrinsic to CaTaO2N. 
4.4 Conclusion 
 I succeeded in heteroepitaxial growth of stoichiometric SrTaO2N and CaTaO2N 
thin films on STO substrates by a NPA-PLD method. Especially, the CaTaO2N films 
showed coherent growth with layer-by-layer mode resulting in high crystallinity, a sharp 
film/substrate interface and atomically flat surface. These features have not previously 
been achieved in epitaxial growth of perovskite oxynitrides. The high quality of the 
films enabled me to conduct reliable dielectric measurements with low dielectric loss 
(tan δ ~0.05 and <0.01 for SrTaO2N and CaTaO2N, respectively). The dielectric 
constant of the SrTaO2N was in the same order as the extracted bulk component of that 
of the previously reported powder samples. The CaTaO2N also showed comparable 
values of dielectric constant to that measured on the bulk samples, validating the 
previous suggestion that the low dielectric constant is an intrinsic property of CaTaO2N. 
NPA-PLD has been shown to be a powerful tool for heteroepitaxial growth of oxynitride 
thin films and adaptable to wide range of composition of oxynitrides as in the case of 
oxide film growth with PLD method. The high-quality thin films obtained by this 
method will allow us to study intrinsic electrical properties of oxynitrides, which 
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includes not only dielectric properties in insulating samples but also carrier transports in 
conducting ones. 
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Chapter 5 
Ferroelectricity and anion arrangement 
in the SrTaO2N epitaxial thin films* 
5.1 Introduction 
 The electronic functionalities of perovskite oxynitrides would be influenced by 
the geometrical configuration of O and N ions. As reviewed in chapter 2, researchers 
have argued that dielectric properties of ABO2N are closely related to anion 
arrangement: for example, Page et al. suggested that ferroelectricity in trans-type 
anion-ordered ATaO2N (A = Sr and Ba) phases may be caused by the off-centre 
displacement of Ta ions [74]. They investigated this concept by theoretically studying 
the stability of phases with different nitrogen arrangements and space groups. However, 
trans-type phases in this system are less energetically stable than cis-type phases, and 
bulk SrTaO2N specimens have been confirmed to exhibit cis-type configurations (Fig. 
36a). As suggested by Page et al., the ferroelectric trans-type phase would be stabilized 
                                                 
* This chapter contains the contents in the following publication. 
D. Oka, Y. Hirose, H. Kamisaka, T. Fukumura, K. Sasa, S. Ishii, H. Matsuzaki, Y. Sato, 
Y. Ikuhara, and T. Hasegawa, Sci. Rep. 4, 4987 (2014). 
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by compressive epitaxial stress because of induced tetragonal distortion (Fig. 36b). Such 
metastable ferroelectricity was not observed in an epitaxial thin film of compressively 
strained BaTaO2N deposited on a SrRuO3-buffered SrTiO3 (STO) substrate [61]. This 
lack of ferroelectricity was likely caused by the considerably relaxed BaTaO2N lattice, 
indicated by the small lattice distortion (c/a = 1.0099) generated by the large lattice 
mismatch (−4.7%) between the film (a = 4.1125 Å) and the SrRuO3 buffer layer (a = 
3.92 Å; pseudo-cubic approximation). Because the SrTaO2N epitaxial thin film prepared 
in this study showed larger distortion c/a (~1.026) due to the better lattice matching to 
the STO substrate (mismatch: −3.1%), I investigated their ferroelectric properties with 
piezoresponse force microscopy (PFM).  
Figure 36. (a) Unstrained bulk SrTaO2N with a cis-type anion arrangement 
[32, 33]. (b) Tetragonally strained SrTaO2N thin film with a trans-type anion 
arrangement epitaxially stabilised on the SrTiO3 substrate. The structures 
were drawn by VESTA [131] 
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5.2 Method 
 Atomic force microscopy (AFM) and PFM measurements were conducted 
using a scanning probe microscope (SII-nanotechnology, E-Sweep with NanoNaviReal) 
with a homemade PFM system composed of a function generator (NF corporation, 
1930A) and a lock-in amplifier (EG&G, 7260). An Rh-coated silicon cantilever 
(SII-nanotechnology, SI-DF3-R(100) with stiffness of 1.1 N/m and a resonance 
frequency of 25 kHz in air) was employed for the measurements. In the PFM 
measurements, the frequency of the driving AC electric field was set to a value slightly 
(less than 1 kHz) deviated from the contact resonance (~110 kHz). The amplitude of the 
driving AC field was 1 V. A domain poling process was performed using the following 
three steps: (1) applying a sample bias of +7 V on the central 5 × 5 μm2 area, (2) 
applying −7 V on the central 3 × 3 μm2 area, and (3) applying +7 V on the central 1 × 1 
μm2 area. 
 High temperature X-ray diffraction (XRD) measurement was conducted with a 
four-axis diffractometer (Bruker AXS, d8 discover). The sample was placed in a domed 
hot stage (Anton Paar, DHS 1100) evacuated with a rotary pump (~10 Pa). To avoid 
oxidation, I capped the SrTaO2N epitaxial thin films used for high-temperature XRD 
with an amorphous LaAlO3 layer (thickness of ~20 nm). The cap layer was deposited by 
pulsed laser deposition (PLD) at room temperature under a partial oxygen pressure of 
3.1 × 10−3 Torr. 
 Phase stability of SrTaO2N under epitaxial stress was investigated with first 
principles calculation (by a collaborator). The potential energy surface (PES) was 
calculated using Vienna ab initio software package. The Perdew–Burke–Ernzerhof 
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(PBE) functional and projector-augmented wavefunction pseudopotential were adapted. 
The cut-off energy was 560 eV (41.2 Ry). The k-points were sampled according to the 
Monkhorst–Pack (MP) 8 × 8 × 8 for Pbmm and P4mm cells. The MP 8 × 8 × 8 was used 
for I4/mcm. The atomic positions were optimized until the residual force acting on all 
atomic coordinates was less than 0.01 eV/Å. The bottom of the PES was calculated by 
optimizing the size and shape of the unit cell and the atomic positions. The residual 
pressure was smaller than 0.035 GPa in all directions for all considered anion orderings.  
5.3 Results and discussion 
 The ferroelectricity of the SrTaO2N thin films was investigated using 
contact-resonance mode vertical PFM (VPFM), which probes the out-of-plane 
piezoresponse of the film. VPFM measurements were conducted under vacuum (~10 
Pa) at room temperature. In the virgin state, small domains (size range from tens to 
hundreds of nanometers) in the thin film produced much larger piezoresponse than did 
the surrounding regions (Fig. 37a and 37b). To investigate these locally varying 
ferroelectric properties, I performed switching spectroscopic measurements, in which I 
recorded the piezoresponse of the remanent polarization as a function of the amplitude 
of the preceding switching DC voltage pulse (Fig. 37c). The curves of local 
piezoresponse versus DC bias exhibited clear hysteresis (Fig. 37d) in the domains that 
exhibited large piezoresponse in the virgin state (point A in Fig. 37b). The amplitude 
components of the curve were butterfly shaped (Fig. 37e) and the phase components 
exhibited sharp 180° inversions at the coercive fields (Fig. 37f). These features denote 
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Figure 37. (a) Topographic and (b) piezoresponse (A cosθ) images of the 
SrTaO2N thin film (thickness = 288 nm). (c) Schematic illustration of the 
switching DC pulses and probing AC waves in switching spectroscopy 
measurements. After each DC pulse, the piezoresponse originating from the 
remanent polarisation is probed with a small AC bias. (d)–(i) Local 
piezoresponse examined by switching spectroscopy with an AC bias of ±1 V 
at positions A [(d)–(f)] and B [(g)–(i)] indicated in (b). Open circles represent 
the initial point of the measurements. (e), (f) and (h), (i) present the amplitude 
and phase components of (d), (g), respectively. 
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the presence of classical ferroelectricity, which has never before been observed in 
perovskite oxynitrides to our knowledge. The surrounding regions with negligible 
piezoresponse in the virgin state (point B in Fig. 37b) exhibited an apparent hysteretic 
piezoresponse induced by the external DC bias (Fig. 37g–37i). The piezoresponse of the 
SrTaO2N films was much weaker than those of conventional ferroelectric materials. The 
weaker response may have been caused by the small piezoelectric constant of SrTaO2N, 
but it may also be possible that the region near the film/substrate interface was only 
ferroelectric because of lattice relaxation.  
 To investigate the unusual hysteretic behavior observed in the matrix region, I 
took a series of VPFM images from the same region over time after performing domain 
poling. In the virgin state before poling, the piezoresponse signals were hardly 
detectable (Fig. 38b) because the measured area was much larger than the size of the 
ferroelectric domains (tens to hundreds of nanometers). Immediately after poling, the 
induced piezoresponse was clearly different between the positively and negatively poled 
regions (Fig. 38e), and there was a 180° phase difference between the two distinct 
domains, indicating perfect polarization inversion (Fig. 38c and 38d). The induced polar 
domains began to relax within 1 h, and the contrast between the domains weakened 
considerably after 8 h (Fig. 38f– 38i); in contrast, the surface morphology did not 
change over time (Fig. 38a). Such relaxation behavior is typical in relaxor materials and 
has been observed in lead lanthanum zirconate titanate ceramics [114].  
 Interpreting these results must be done with caution, however: recent PFM 
studies on oxides reported that even paraelectric materials, such as TiO2 thin films and 
heterostructures such as LaAlO3/ SrTiO3, can exhibit spurious relaxor-like behavior, 
caused by remanent piezoresponses generated from external-electric field-induced 
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Figure 38. (a) Topographic and (b) piezoresponse (A cosθ) images obtained 
simultaneously from the SrTaO2N thin film (thickness = 288 nm) in the virgin 
state. (c) Phase images of the SrTaO2N film just after the poling process. (d) 
Averaged line profile of the dashed rectangle region in (c). (e)–(i) 
Piezoresponse images obtained from the same area as (c) 1, 2, 4, and 8 
hours after the poling process. 
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 motion of ionic species [115,116]. As for this point, we can see difference between the 
SrTaO2N epitaxial thin film and the paraelectric materials in the temperature 
dependence of dielectric constant. As mentioned in Chapter 4, the real part of the 
dielectric constant showed positive dε′/dT, which is a common behavior with 
conventional ‘‘intrinsic’’ relaxors [117]. In contrast, in ‘‘extrinsic’’ relaxors, dε′/dT tends 
to decrease with increasing temperature [118]. Thus, I tentatively conclude that the 
majority of the present SrTaO2N film surrounding the small domains (i.e., the 
relaxor-like matrix region) is an intrinsic relaxor.  
Figure 39. (a) The a- and c-axis lattice constants of the SrTaO2N film 
(thickness = 100 nm) capped with an amorphous LaAlO3 protection layer and 
(b) simultaneously measured lattice constant of Nb-doped SrTiO3 substrate 
as a function of temperature. 
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 To investigate the possibility of ferroelectric–paraelectric phase transitions in 
the matrix region, high-temperature XRD was conducted. To avoid oxidisation, the 
SrTaO2N film was capped with ~20 nm of amorphous LaAlO3. Figure 39 shows the 
measured lattice constants as a function of temperature, clearly indicating an inflection 
at ~600 K in both the a- and c-axis lengths. Choi et al. reported similar behavior in 
BaTiO3 ferroelectric thin films at their Curie temperature [119], leading me to speculate 
that the inflection point in the present SrTaO2N epitaxial thin film corresponds to its 
Curie temperature.  
 Based on these findings, I believe that our SrTaO2N film contained classical 
ferroelectric domains (101–102 nm) and a surrounding matrix with a relaxor-like nature, 
although I observed hysteretic behavior only in the microscopic PFM measurements and 
could not obtain more direct evidence for ferroelectricity from macroscopic P-E 
measurements because of the large leakage current under high DC electric field (data 
not shown). 
 I discuss the origin of the classical ferroelectricity in the present films in the 
following part. It is plausible that the domains exhibiting classical ferroelectricity can be 
classified as the polar trans-type phase, considering that room-temperature 
ferroelectricity in the cis-type structures has never been observed, experimentally or 
theoretically. However, first-principles calculations performed by Hinuma et al. 
suggested that SrTaO2N with specific cis-type structures exhibits reversible polarization, 
although the polarization flips within picoseconds at room temperature [13]. Such a 
fluctuating polarization might be frozen by the epitaxial strain from the STO substrate, 
but the ab initio molecular dynamics simulations excluded the possibility of polarization 
freezing (Fig. 40). Thus, I attribute the classical ferroelectric behavior in the small 
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domains to trans-type N ordering.  
 Next, the epitaxial stabilization of the polar trans-type structure was validated 
by using DFT calculations. This concept was suggested by Page et al. [74] but not yet 
confirmed with concrete calculations. The energies of the three representative phases 
suggested by Page et al. were compared: paraelectric antipolar cis-type (space group 
symmetry: Pbmm), nonpolar trans-type (I4/mcm), and ferroelectric polar trans-type 
(P4mm) configurations (Table 5). Among these structures, the cis-type Pbmm phase was 
the most energetically stable, consistent with the calculation by Page et al., although the 
a 
Figure 40. Polarization of the SrTaO2N cell during ab initio MD simulations at 
T = 300 K in (a) unstrained and (b) strained configurations [80]. The green, 
blue, and red lines indicate the polarisation in the a, b, and c directions at 300 
K, respectively. 
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Table 5. Geometrically optimised crystal structures of Pbmm cis, I4/mcm 
trans, and P4mm trans models without strain. The total energy per formula 
unit of each structure relative to the most stable Pbmm phase, E, is also 
displayed. 
Figure 41. The total energy per formula unit of each structure, E, under 
epitaxial strain; Pbmm cis (diamonds, the [110] and [001] directions were 
assumed as the out-of-plane direction for Pbmm-X and Pbmm-Z, 
respectively), I4/mcm trans (triangles), P4mm trans (circles). 
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absolute values of the energy difference among these structures were not completely 
reproduced. Figure 41 shows how the epitaxial stress affected the phase stability, 
calculating the potential energies as functions of the in-plane lattice constant. 
Remarkably, as the in-plane lattice parameters decreased, the paraelectric cis-type 
Pbmm phase became much less stable, regardless of the crystallographic orientation, 
while the stability of the trans-type structures only decreased a small amount. This 
finding implies that the compressive strain along the in-plane direction stabilizes the 
polar trans-type nitrogen arrangement relative to the cis-type.  
 Note that the cis-type Pbmm-X phase was more stable than the trans-type 
phases, even under compressive strain (Fig. 41). Considering the major distribution of 
the relaxor-like phase in the SrTaO2N film (Fig. 37b and 38b), the relaxor-like phase 
may be attributable to the Pbmm-X phase or to a mixture of the cis-type phases; I 
attribute the minor classical ferroelectric phase to the trans-type P4mm phase. 
Contrasting the classical ferroelectricity originating from atomic displacement in the 
trans-type phase, the origin of the relaxor-like properties in the cis phases is still unclear. 
However, the lack of long-range atomic order, a common characteristic of relaxor 
ferroelectric materials [117], may play a role in the relaxor-like behavior. These results 
will stimulate future work to explain the relationship between the anion arrangement in 
perovskite oxynitrides and their ferroelectric properties. 
5.4 Conclusion 
 I observed classical ferroelectric behavior in compressively strained SrTaO2N 
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epitaxial thin films grown on STO substrates by using VPFM. To my knowledge, this 
study provides the first observation of ferroelectric behavior in perovskite oxynitrides. 
Classical ferroelectricity coincident with visible light absorption is difficult to achieve 
with conventional perovskite oxides, making SrTaO2N useful for ferroelectric 
photocatalysts [120] and ferroelectric-based photovoltaic cells [121]. I attributed the 
classical ferroelectricity in regions with 101–102 nm domains to trans-type anion 
ordering, likely stabilized by compressive epitaxial strain. In contrast, the surrounding 
matrix region showed relaxor ferroelectric-like behavior, characterized by the absence 
of spontaneous polarization, positive dε′/dT, and a ferroelectric–paraelectric phase 
transition around 600 K. DFT calculations of the phase stability under epitaxial strain 
suggested that small domains of the trans-type classical ferroelectric phase were 
embedded in a cis-type relaxor-like matrix. This study clarified that the concept to 
develop noble functionality with adjusting anion arrangement is effective. 
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Chapter 6 
Artificial control on anion distribution in 
Ca1−xSrxTaO2N 
 
 
 
 
 
  
本章については、５年以内に雑誌等で刊行予定の
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Chapter 7 
Filling control on the conduction band of 
SrNbO3−xNx 
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Chapter 8  
General conclusion 
 In this thesis I demonstrated that the approach using heteroepitaxy is 
significantly effective in the researches of perovskite oxynitrides. The technique of 
nitrogen plasma assisted pulsed laser deposition (NPA-PLD) enabled to synthesize 
phase pure epitaxial thin films of perovskite oxynitrides: SrTaO2N, CaTaO2N, 
Ca1−xSrxTaO2N and SrNbO3−xNx. Impedance measurement on the SrTaO2N and 
CaTaO2N epitaxial thin films confirmed that the quality of the films was high enough to 
conduct reliable electrical measurements. The success in fabricating the high quality 
oxynitride thin films and survey on novel functionalities in them led to the following 
findings: 
 
Ferroelectricity in the SrTaO2N epitaxial thin film 
 The SrTaO2N epitaxial thin films showed ferroelectricity, which has not been 
observed in bulk specimens so far. Piezoresponse force microscopy revealed that the 
films were composed of small domains with classical ferroelectricity surrounded by 
relaxer-like matrix part. First principles studies suggested that the former originated 
from trans-type structure stabilized by the large epitaxial strain while the latter 
possessed plausibly cis-type structure. The present study paved a new way to develop 
novel electrical properties by tuning anion arrangement with epitaxial strain. 
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Artificial control on anion arrangement 
 A series of Ca1−xSrxTaO2N epitaxial thin films grown coherently on Nb:SrTiO3 
and DyScO3 single crystals showed systematic change in tetragonal distortion caused by 
epitaxial strain. X-ray absorption spectroscopy indicated clear difference in nitrogen 
occupancy between axial and equatorial sites in the highly distorted films. Furthermore, 
higher occupation on the axial site by nitrogen ions was confirmed by electron energy 
loss spectroscopy combined with scanning transmission electron microscopy. These 
results provided strong evidence for the influence of epitaxial strain on anion 
arrangement. 
 
Conductive properties in SrNbO3−xNx 
 NPA-PLD allowed precise tuning on nitrogen content in SrNbO3−xNx thin films 
and resulting electrical properties which could be explained by rigid band model. The 
SrNbO2N thin film showed insulating behavior despite the high carrier density over 
1 × 1021cm−3, which was caused by strong localization of wave function probably 
induced by random distribution of nitrogen. The strong localization of wave function 
resulted in large positive magnetoresistance at low temperature. The phenomenon is 
plausibly explained by wave function shrinkage model. 
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